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GENERAL INTRODUCTION 
Physiological mechanisms that control the production and maintenance of 
endolymph are not well understood \ role of adrcnocorticosteroids in the micro-
homeostasis of endolymph can be deduced from both clinical and basic scientific 
observations. 
Adrenal Steroids and Meniere's Disease 
The etiology of Meniere's disease is still unclear and may be multifactorial 
( 1,2). Morbus Meniere, characterized by the otovestibular symptoms of hearing 
loss, tinnitus and vertigo, is thought to be a result of a disturbance of inner ear fluid 
microhomcostasis since the pathological-anatomical substrate of this disease is 
endolymphatic hydrops (3-5). Several clinical observations have indicated that mm-
eralocorticoids and glucocorticoids could play a role in the pathogenesis of 
Meniere's disease Adrenocortical insulficiency has been diagnosed in cases of 
Meniere's syndrome (6-8) and even has been identidcd as the second most fre­
quently recognized enologie factor (7c/c) of Meniere's disease (9). Improvement of 
the symptoms of some patients diagnosed with Meniere's disease has been reported 
following the administration of whole adrenocortical extract (6) and mineralocorti-
coids (10-12). Furthermore, the theiapeutic regimens of restricted sodium and water 
intake and/or the use of diuretics for patients with Meniere's disease (13-15) induces 
a high mineralocorticoid state (16) On the other hand, an increased sodium intake, 
that has been reported to cause exacerbations of Meniere's disease (17), induces a 
low aldosterone state ( 18). Moreover, high serum levels of potassium that were 
identified in patients with Meniere's disease during episodical attacks (13) could be 
a result of low aldosterone levels. Several authors have postulated, based upon such 
observations, that an exacerbation of Meniere's disease occurs when the serum level 
of aldosterone is low (11,17,19). These intriguing clinical observations suggest an 
association between adrenal steroids and endolymph microhomcostasis. Recently, 
mineralocorticoid and glucocorticoid receptors have been demonstrated in pooled 
inner ear tissues by radioligand binding studies, suggesting that adrenal steroids 
may directly affect inner car tissues (20). To understand the possible role of adrenal 
steroids in the microhomcostasis of the endolymph, the physiology of this inner ear 
fluid needs to be discussed in a basic scientific context 
Anatomy of the Inner Ear 
The sense organs for hearing and equilibrium are situated in the pars petrosus of 
the temporal bone This sensory system consists of epithelial lined canals and cavi­
ties, ι е., the membranous labyrinth. The membranous labyrinth contains the sen­
sory hair cells lor the detection of sound (cochlear duct), rotation movements 
(ampullae of the semicircular ducts) and linear acceleration movements (utricle and 
saccule). The membranous labyrinth is surrounded by a bony mould, i.e., the bony 
labyrinth The space between the membranous labyrinth and bony labyrinth is filled 
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with a fluid called perilymph. The canals and cavities of the membranous labyrinth 
contain a fluid called endolymph. The membranous labyrinth contains specialized 
nonsensory tissue regions that are thought to be involved in the microhomeostasis of 
the inner ear fluids. Such ion and fluid transporting cell regions of the cochlea 
include the stria vascularis of the lateral wall of the cochlear duct. The stria vascu­
laris consists of three cell layers: Marginal cells that line the cochlear duct, interme­
diate cells, and a basal cell layer that connects with the spiral ligament. Ion and 
fluid transporting regions of the vestibule include the vestibular dark cells which are 
located around the vestibular sensory regions. The vestibular dark cells comprise a 
simple epithelium. The marginal cells of the stria vascularis and the vestibular dark 
cells exert typical characteristics of ion and fluid transporting epithelia. 
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The membranous and bony labyrinths. 
Characteristics of the Endolymph 
Endolymph surrounding the cochlear and vestibular hair cells, unlike most 
extracellular fluids, is characterized by a low sodium concentration and a high 
potassium concentration in the several animal models (21-25), as well as in humans 
(26). Furthermore, endolymph exerts a positive electrical rest potential compared to 
perilymph. This positive potential or endocochlear potential was observed to be 80-
100 mV in the scala media of the cochlea and around 5 mV in the ampullae of the 
vestibule (27,28). These unique features of the endolymph create ionic and electri­
cal gradients in and around the cochlear and vestibular hair cells. Such electro­
chemical gradients are thought to enable the hair cells to maintain a large resting 
current which is necessary for the sensitivity of these neurons (29,30). It has been 
postulated that disturbance of ionic composition and/or endocochlear potential can 
lead to impaired functioning of the hair cells of the inner ear (31-33). Disturbance of 
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the microhomeostasis of endolymph, therefore, could play a role in the pathogenesis 
of certain hearing and vestibular disorders. 
Origin of the Endolymph 
Kinetic tracer studies have indicated that perilymph, which has an ionic compo-
sition similar to extracellular fluid, is the precursor of endolymph (34). In addition, 
these studies have demonstrated that perilymph originates mainly from plasma. The 
production and maintenance of the endolymph are believed to involve select spe-
cialized cell regions of the membranous labyrmth, including the stria vascularis of 
the cochlear duct and dark cell regions of the vestibular end organs. Such a role of 
the stria vascularis and dark cell regions in the microhomeostasis of endolymph 
originally was conjectured because the marginal cells of the stria vascularis and the 
vestibular dark cells exert typical characteristics that are similar to other ion and 
fluid transporting epithelia, e.g., kidney tubules, ciliary body, and salivary glands 
(35) Such characteristics include the numerous mfoldings of the basolateral cell 
membrane, lateral intercellular spaces, vesicles, and microvilli of the marginal cells 
and the dark cells (36-44). Furthermore, similar to other ion and fluid transporting 
epithelia (45-47), the basolateral membranes of the marginal cells and dark cells 
have been demonstrated to contain high concentrations of the transport enzyme Na-
K-ATPase (48-61). 
Na-K-ATPase 
Na-K-ATPase or Na-K-exchange pump is one of the groups of ion transporting 
ATPases that are present on plasma membranes, sarcoplasmic reticulum, lysosomes, 
and endosomes (62,63). Na-K-ATPase consists of an aß heterodimer that is embed-
ded in the plasma membrane lipids. The mass of the protein is asymmetrically dis-
tributed across the membrane bilayer. А ~1(Ю kDa α subunit is located mainly on 
the cytoplasmic side. In contrast, most of the ~40 kDa β subunit is located at the 
extracellular surface. The α subunit of Na-K-ATPase contains all the catalytic sites 
including the sodium binding site, the potassium binding site and ATP/phosphoryla-
tion binding site. The function of the β subunit is still unclear but it may be 
involved in the integration and proper orientation of the α subunit in the plasma 
membrane (64-66). 
Five genes encoding for the catalytic subunits of Na-K-ATPase have been iden­
tified: Three genes for a subunit isoforms α,, a^, and a, (67), and two genes for 
β subunit isoforms β, and β2 (68). The Na-K-ATPase subunits that are expressed 
differ per tissue For example, the marginal cells of the stria vascularis have been 
shown to express predominantly the a, and βτ isoforms of Na-K-ATPase (69). The 
vestibular dark cells (personal communication Dr. M. Fina) and spiral ligament (69) 
express mostly the a, and ß, isoforms of Na-K-ATPase. The ot|ß|- isoform of 
Na-K-ATPase has been reported to be also the main isoform expressed in the kid-
ney (70) 
Na-K-ATPase has been identified as the enzymatic basis for the active transport 
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ol sodium and potassium across the cell membrane in virtually all animal cells 
Na-K-ATPase hydrolyses ATP at a rate dependent on the intracellular sodium potas-
sium ratio. Na-K-ATPase converts the energy from ATP into the movement ol 
cations across the membrane (65.66) In most systems studied, Na-K-ATPase trans-
ports sodium outside the cell and potassium into the cell at a ratio of 3:2 lor each 
ATP molecule hydroKzed (71). Na-K-ATPase, hereby, contributes to the concentra-
tion gradients for these cations over the cell membrane. Furthermore, Na-K-ATPase 
transports one electrical charge outside the cell per ATP hydrolyzcd. This net trans-
port ot electrical charge outside the cell establishes a negative potential across the 
cell membrane. The membrane permeabilities for the sodium and potassium, and 
the activity and distribution of Na-K-ATPase on the cell membrane, all contribute to 
a steady state of the electrochemical gradients of a cell (72). Such electrochemical 
gradients can be used for a variety ol cell functions (62,66.71 ). For example, the 
gradients of a cell can be used as a free energy source for the transport ot other sub-
stances such as glucose and ammo acids. Furthermore, the electrochemical gradi-
ents establish the large membrane potential in excitable cells, e.g., muscle cells and 
neurons. Tissues that transport ion and fluids use the electrochemical gradients 
created by Na-K-ATPase for the net transport of water and ions. 
Na-K-ATPase and Ion and Fluid Transporting Tissues 
Cell specific polarized distribution of the Na-K-ATPase on the plasma mem-
brane is typical lor ion and fluid transporting cells (35.46,47,73). Mostly, the Na-K-
ATPase is restricted to the basolateral membranes of these cells. In addition, the 
concentration of Na-K-ATPase is very high in ion and fluid transporting cells (65). 
This is accomplished by the many mfoldings of the basolateral membranes. These 
inloldings increase the basolateral surface area of the cell and. thereby, increase the 
number of Na-K-ATPase sites which can be placed on the cell membrane. The 
asymmetrical surface distribution of the large amounts of Na-K-ATPase can create 
large electrochemical gradients that serve as a driving force for transepithelial trans-
port ol ions and water (62,66,71,72). 
Similarly, the asymmetrical distributed Na-K-ATPase of striai marginal cells 
and vestibular dark cells is thought to be responsible, at least in part, for production 
and maintenance of the endolymph ionic composition and the endocochlear poten-
tial. Such a role of Na-K-ATPase is supported by the observation that perilymphatic 
perfusion with ouabain, an inhibitor of Na-K-ATPase, resulted in a decrease in the 
endocochlear potential and a reduction of sodium and potassium gradients in both 
cochlear and vestibular endolymph (22,74-78). Furthermore, a gradient of Na-K-
ATPase activity per striai weight has been observed in the stria vascularis from apex 
to base that was concomitant with an increase in both endocochlear potential and 
potassium concentration from apex to base (25,51.58). Finally, studies have demon-
strated that the appearance of basolateral membranes of the marginal cells and Na-
K-ATPase activity on these membranes coincides with the development of the 
endocochlear potential (79-81). These studies have indicated that Na-K-ATPase is 
essential tor the maintenance of electrochemical gradients in the ear. However, the 
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mechanisms of ion transport that maintain these gradients in the inner ear are not 
well understood and many controversies remain (82) 
For the stria vascularis it has been proposed that sodium from the marginal cells 
is actively removed by the Na-K-ATPase on the basolateral membranes of the mar-
ginal cells. The low sodium concentration in the marginal cells results in the diffu-
sion of sodium ions from endolymph into the marginal cells. The active uptake of 
potassium ions across the basolateral membrane into the marginal cells by Na-K-
ATPase (Na-K-exchange pump) removes intracellular sodium ions These intracel-
lular potassium ions diffuse, subsequently, into the endolymph (82). In addition, 
some authors have suggested the presence of an active electrogemc potassium pump 
mechanism at the luminal membrane of the marginal cells (29) Noteworthy, is that 
the marginal cells appear to exhibit a positive intracellular potential that is higher 
compared to the endocochlear potential (83-86). Na-K-ATPase, however, is nega-
tively electrogemc since it transports three sodium ions out of the cell and two 
potassium ions into the cell, in most systems studied The positive potential in the 
endolymph and in the marginal cells may be the result of Na-K-ATPase in combina-
tion with differing sodium and potassium conductivities at the apical and basolateral 
membranes of the marginal cells Alternatively, another mechanism and or cell type 
may be involved in the generation of the endocochlear potential 
Unlike the marginal cells, vestibular dark cells exert a negative intracellular 
potential (87) It has been postulated for dark cells that the Na-K-ATPase transports 
potassium from the basolateral extracellular compartment to the inside of the cell 
and at the same time pumps sodium out from the intracellular compartment to the 
extracellular space at the basolateral side The presence of a basolaterally located 
Na-K-Cl co-transporter has been demonstrated in the dark cells Sodium introduced 
in the cell by this Na-K-CI co-transporter is also removed by the Na-K-ATPase 
Intracellular potassium introduced by both the Na-K-ATPase and the co-transporter 
diffuses into the endolymph (78,88-90) 
Regulation of Na-K-ATPase 
Although many studies have indicated the importance of Na-K-ATPase in the 
microhomeostasis of endolymph, few reports have addressed possible physiological 
regulatory mechanisms of Na-K-ATPase within the inner car tissues (11,20,33,91-
94). Regulation of inner ear Na-K-ATPase activity seems important for maintaining 
ionic microhomeostasis of endolymph despite variations in ionic composition of 
plasma and/or perilymph The overall activity of the Na-K-ATPase in ion and fluid 
transporting tissues can be regulated by both modification of the molecular activity 
of individual pump sites and the number of active Na-K-ATPase sites (64,65,95) 
The molecular activity of individual Na-K-ATPase pump sites is determined by the 
affinities for sodium, potassium and ATP which are determined by the conforma-
tional state of Na-K-ATPase (64-66) The intracellular sodium concentration is 
thought to be the most important physiological factor affecting the conformational 
state of Na-K-ATPase and thus the activity of individual pump sites (64-66). Rise of 
the intracellular sodium increases the molecular activity of the Na-K-pump which in 
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turn leads to reduction of the intracellular sodium concentration This way the intra­
cellular sodium concentration is finely controlled. The number of active Na-K-
ATPase sites can be modulated at any level from gene expression to membrane 
incorporation of the subunits, e g., induction of gene expression, posttranslational 
modifications, and incorporation of enzymes from a preexisting pool. Regulation of 
the number of active Na-K-ATPase pump sites in ion and fluid transporting cells has 
been demonstrated to occur by several physiological factors, including cations, thy­
roid hormone, and corticosteroids (64,65,95) 
Corticosteroids and Na-K-ATPase 
Corticosteroids have been demonstrated to be important modulators of the Na-
K-ATPase activity in several ion and fluid transporting tissues elsewhere in the 
body, e g , kidney, bladder, colon, sweat glands, and salivary glands (96,97). The 
two major classes ot hormones secreted by the adrenal cortex (corticosteroids) are 
glucocorticoids and mmeralocorticoids (98). Glucocorticoids exert many functions 
besides ellecls on Na-K-ATPase in ion and fluid transporting tissues. Such other 
functions include effects on fat, protein, and carbohydrate metabolism, immune and 
inflammatory responses, and central nervous system neurons (99). The function of 
mmeralocorticoids is more defined than that of the glucocorticoids; mmeralocorti­
coids promote the reabsorption of sodium and excretion of potassium by increasing 
Na-K-ATPasc activity in its target tissues (96) 
Several cellular mechanisms by which corticosteroids affect Na-K-ATPasc in 
ion and fluid transporting cells have been conjectured. Steroid hormones exert their 
actions primarily by binding to their cytoplasmic receptors present in their target tis­
sues The hormone-receptor complex enters the nucleus where it interacts with spe-
cilic deoxyribonucleic acid sequences. This complex leads to the transcription 
induction of certain genes and can also affect the posttranslational modification of 
gene products (100) Similarly, corticosteroids have been demonstrated to modulate 
overall Na-K-ATPase activity by induction of the production of Na-K-ATPase a and 
β subunits (101-103). Furthermore, corticosteroids may affect translation 
processes, posttranslational processes as recruitment of enzyme molecules, and to 
adjust the activity of individual pump sites in target tissues (65,95,102). For the 
mincralocorticoid, aldosterone, it has been hypothesized that the hormone receptor 
binding in its target cells increases apical sodium-entry by the induction of the pro­
duction ot amilonde sensitive sodium channels. Elevated intracellular sodium then 
is thought to be a process responsible for the induction of Na-K-ATPase sites ( 104-
106). Alternatively, aldosterone may also directly affect the Na-K-ATPasc, since it 
was demonstrated that aldosterone can induce α and β pump sites independent of 
sodium influx in the bladder (101). 
The morphology of steroid sensitive ion and fluid transporting tissues has been 
shown to be affected by corticosteroids Following the removal of adrenal steroids, 
the cellular volume and surface density of basolateral membranes of target cells in 
the kidney were reduced, the administration of glucocorticoids and mmeralocorti­
coids increased cellular volume and density of basolateral membranes ot select 
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nephron cells (107-109). Under these experimental conditions, such changes in 
basolateral membrane surface density were accompanied by changes in Na-K-
ATPase (110-113). The modulation of basolateral membranes induced by corticos-
teroids, therefore, has been considered a morphological correlate of altered 
Na-K-ATPase activity. 
Corticosteroids and Inner Ear Tissues 
Several basic scientific observations suggest that the marginal cells of the stria 
vascularis and the vestibular dark cells may be regulated by corticosteroids. First, 
the marginal cells and dark cells share with steroid-sensitive ion and fluid transport-
ing cells the basolateral membrane configurations on which high concentrations of 
Na-K-ATPase have been demonstrated (35-61). Secondly, marginal cells and dark 
cells are situated in a microenvironment comparable to the steroid-sensitive cortical 
collecting duct cells since a high potassium concentration can be created and main-
tained in the lumen of the cortical collecting duct similar to endolymph (114). 
Finally, the presence of glucocorticoid and mineralocorticoid receptors has been 
demonstrated in the inner ear. Such a regulation of select inner ear tissues by 
adrenal steroids may explain the noted clinical association between adrenal steroids 
and inner ear fluid microhomeostasis. 
Introduction to the Chapters 
The described clinical and basic scientific observations lead to the hypothesis 
that tissues involved in the production and maintenance of endolymph, e.g., stria 
vascularis of the cochlea and dark cells of the vestibule are affected by corticos-
teroids, and, more specifically, that Na-K-ATPase of the stria vascularis and dark 
cells are responsive to differing levels of circulating adrenal steroids. The aim of the 
studies was to collect experimental data on a possible effect of adrenal steroids on 
the stria vascularis and vestibular dark cells. A morphological approach was 
applied since certain morphological characteristics of distal nephron cells, a well-
described target for corticosteroids, were altered when serum levels of mineralocor-
ticoids and glucocorticoids were varied (107-113). Stria vascularis regions and dark 
cell regions were structurally analyzed at the electron microscopic level in the pres-
ence of varying levels of circulating corticosteroids. Surgically bilaterally adrena-
lectomized rats served as the experimental animal model. The adrenalectomized 
animal model has been used extensively to study the effects of adrenal steroids on 
non-ear tissues (102,108,110-113). Chemical adrenalectomy by inhibition of 
enzymes necessary for steroid production, for example by metyrapone, has been less 
useful because it leads to the accumulation of precursors, which themselves may 
have corticoid action (115). The rat model was chosen since the surgical procedure 
of adrenalectomy is easily performed on the rat compared to, for example, the 
guinea pig. In the guinea pig the right adrenal gland is in close proximity of the 
inferior vena cava which complicates the adrenalectomy. Adrenalectomized ani-
mals were supplemented with saline which corrects excessive loss of sodium and 
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maintains normal blood volume (98,116). Studies were performed according to the 
Policy on Humane Care and Use of Laboratory Animals, the NIH Guide for the 
Care and Use of Laboratory Animals, and the Animal Welfare Act (7U.S.C. et seq.); 
the animal use protocols were approved by the Institutional Animal Care and Use 
Committee of the University of Florida. 
Chapters 
Chapters 1 and 2 describe methodological approaches to morphometricly ana-
lyze ampullar dark cells and strial marginal cells. These studies were performed to 
provide a basis by which to examine responses of these inner ear tissues to altered 
levels of circulating corticosteroids. 
Chapters 3 and 4 describe changes observed in ampullar dark cells and stria vas-
cularis tissues in the absence of circulating adrenal steroids. The objective of this 
research was to determine if the absence of circulating adrenal steroids would affect 
the morphological characteristics of ampullar dark cells and stria vascularis cells. 
Chapters 5 and 6 describe the effects of individual steroid classes on the mor-
phology of dark cells and striai marginal cells. This study was performed to eluci-
date if changes of dark cells and stria vascularis cells which were observed in 
absence of all adrenal hormones could be restored by replacement of individual 
classes of corticosteroids. 
Chapter 7 describes the nonsensory epithelia of the rat ampullae of the semi-
circular ducts. This study was performed to clarify the classification of nonsensory 
epithelia in the rat ampullae. 
Chapter 8 describes a technique that may be used to further study the distribu-
tion of glucocorticoid receptors in the inner ear. The study of steroid receptor sys-
tems in the inner ear is an important future research direction. 
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Abstract 
The morphological characteristics of rat ampullar dark cells were quantitatively 
analyzed Four parameters were measured, cell area per μιη baseline length, mem­
brane surface density, volume density of intercellular space, and volume density of 
vacuoles. No statistically significant difference was observed for any parameter, 
either between dark cell regions of the superior, lateral, and posterior ampullae or 
between different regions of dark cells within a given ampulla The membrane sur­
face density of the ampullar dark cells was similar to that reported for principal cells 
of the cortical collecting duct in the kidney. Volume density of intercellular spaces 
of the dark cells was very constant, unlike that reported for epitheha involved in iso­
tonic fluid transport Vacuoles were found to comprise only a small portion of pro­
toplasm in the dark cells. This new morphometry provides a basis on which to 
examine the response of ampullar dark cells to differing experimental conditions. 
Introduction 
Regulation of inner ear fluids has long been a topic of research that today is 
unsolved. Fluid microhomeostasis of the endolymph is believed to involve different 
epithelia, including the stria vascularis of the cochlear duct and dark cell regions of 
the vestibular end organs (1-6). As opposed to the stria vascularis, which is a meta-
bolically more active stratified epithelium and has been the focus of the majority of 
research in this area, the vestibular dark cells compose a less metabohcally active 
simple epithelium and have been less studied (7) 
The distribution and ultrastructure of vestibular dark cells have been well 
described in different species (5,8-12) A role of vestibular dark cells in local home­
ostasis of endolymph has been conjectured because of several cellular characteris­
tics Ampullar dark cells contain many basolateral infoldings of their cell 
membrane, similar to epithelial cells of other ion- or fluid-transporting or -regulat-
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mg tissues such as the kidney tubule, the choroid plexus, and the ciliary body (13) 
The presence ol Na-K-ATPase on these basolateral membranes has been demon­
strated cytochemically, autoradiographically, and recently immunocytochemically 
(14-18) Finally, physiological experiments have shown that these dark cells can 
absorb methylene blue and "Na from endolymph (3,4). 
Despite the accumulated data on the cellular features of the vestibular dark 
cells, quantitative information with regard to their morphological characteristics has 
not been reported A morphometnc method has been created to determine volume 
densities ol cells and capillaries of the stria vascularis (19,20). The objective of this 
research was to develop an appropriate morphometnc method to determine quantita­
tive parameters ol normal rat ampullar dark cells upon which to examine the effect 
ot diflerent experimental conditions in the future. 
Materials and Methods 
Tissue Piai essmg Twelve pigmented Long Evans rats (male, 150-250 g) were 
used in this study. The animals were anesthetized with intramuscular injections of 
Ketaset (88 0 mg/kg body weight, Bristol Laboratories) and Rompun (13 0 mg/kg 
body weight, Mobay Corp ). Rats were infused via cardiac puncture with 25 ml of 
phosphate buffer (20 mM NaH2 PCVLLO and 42 mM Na2 НРОД pH 7.4, followed 
by 36 ml of fixative (2.5% glutaraldehyde, 0.5% paraformaldehyde in phosphate 
buffer). Temporal bones were removed following decapitation and each bulla was 
opened The bony labyrinth overlaying the posterior wall of the utricle and superior 
and lateral ampullae was removed, and fresh fixative was gently perfused onto the 
vestibular end organs. Each specimen was submerged in fresh fixative for one addi­
tional hour, rinsed 3x in phosphate buffer, and post-fixed for one hour in phosphate 
buffered 1% osmium tetroxide, pH 7 4. Temporal bones were rinsed three times in 
phosphate buffer and dehydrated in graded concentrations of ethanol up to a concen­
tration ot 70%. Ampullar tissues of the superior, lateral, and posterior semicircular 
canals were carefully dissected and removed with the aid of a binocular dissecting 
microscope The individual ampullar tissues were completely dehydrated and 
embedded in Epon/Araldite epoxy resin using routine procedures. All tissues were 
maintained at 40C during processing. Thick (0.9 μτη) and ultra-thin (70 nm) sec­
tions ol given ampullar dark cell regions were cut on a Reichert-Jung ultramicro-
tome with a Diatome MT401 diamond knife. A similar plane of orientation for each 
ampulla was maintained by sectioning along the apical-basal axis of dark cells at a 
90° angle to the length axis of the crista ampullans. Each section was judged as 
being cut either through a region in the center ("C") of the crista ampullans or 
through a region approximate to the planum semilunatum ("S") of the a crista 
ampullans (Fig 1 ) A section from one dark cell region, either " C " or "S", of the 
superior, lateral or posterior ampulla from each of the twelve animals was obtained. 
Every possible combination of region and ampulla occurred twice. Thick sections 
were stained with methylene blue and examined under oil immersion. Thin sections 
were stained with uranyl acetate and lead citrate. Representative samples of dark 
cells were photographed in a JOEL 100S electron microscope at a magnification of 
10 
Fig. /. Diagram of dark cell distribution within ampulla. Section of each ampulla was 
made near center of crista ampullaris (region C), or on either side of center near planum 
semilunatum (region S). Light-shaded region - crista ampullaris. dark-shaded region -
distribution of dark cells. 
6700x. Dark cells nearest to the squamous epithelium were not used because of 
their transitional morphological characteristics. Electron micrographs of dark cells 
at final magnifications of I7500x were obtained. 
Thick Section Morphometry. Ampullar dark cell regions were morphometricly 
analyzed with an image analysis system (Southern Micro Instruments) interfaced to 
an IBM PC/AT microprocessor with a digitizing tablet and high resolution monitor. 
Cognizant that individual cell size varies, two quantitative measurements were per-
formed: 1 ) the area of a given dark cell region and 2) the baseline length of a given 
dark cell region. By dividing the area by the baseline length, a value representing 
the size of a given dark cell region was obtained. 
Thin Section Morphometry. Three morphometric parameters of a dark cell 
region were determined: volume density of intercellular space, volume density of 
vacuoles, and surface density of dark cell membrane. The volume density of inter-
cellular space and the volume density of vacuoles were determined by use of a point 
count grid with a systematic lattice (gridline distance: d = 1.27 cm; Fig. 2). This 
particular point count grid was chosen such that d: was greater than the area of the 
largest profile encountered (21,22). The upper, right hand corner of each point was 
considered to be the true grid intersection. Volume densities were estimated as the 
sum of point counts overlaying the intercellular space or vacuoles divided by the 
number of point counts in the reference volume. The reference volume (also 
referred to as containing volume) for intercellular space measurements was chosen 
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Fig. 2. Point count grid overlay placed onto representative photomicrograph of ampullar 
dark cell region. 
as the total volume of dark cells including intercellular space. The reference volume 
used when determining volume density of vacuoles was protoplasm. 
The surface density of dark cell membrane (Sd), defined as surface area of 
membrane per unit protoplasm, was determined with a Merz grid (gridline distance: 
d
m
 = 1.75 cm; Fig. 3) (23). This grid, developed to compensate for anisotropy of the 
structure on the micrograph, consisted of horizontal sinusoidal isotropic lines. A 
correction factor for section thickness was not used because no absolute data were 
obtained even though the diameter of the dark cell infoldings was very small. 
Moreover, since the orientation distribution of these cellular infoldings was 
unknown, a correction factor would have been difficult to accurately determine (21). 
In order to ensure a surface density relative standard error (RSE) less than 5%, the 
required grid line length was 56 cm per micrograph (L,), estimated with the equation 
Lt = 4 / [Sd · RSE1] (Sd was determined to be in the order of 4.5 μην/μητ, and an 
average of 6 micrographs per ampulla were used) (21 ). With use of a d
m
 = 1.75 cm, 
approximately 100 cm of grid line length per micrograph was obtained. 
The Merz grid was placed on each micrograph and the upper limit of the grid 
line was followed. Each intersection with dark cell membrane was counted as one, 
and all apical and basolateral membrane was counted. Surface density was deter­
mined as Sd = 2 · ld (21-23), where Id is intersection density and was estimated as Id 
= I / [l
m
 · p]; I = total number of intersections; l
m
 = length of grid line between two 
points; ρ = point counts in reference volume. Data from individual micrographs 
were combined and mean values for a given dark cell region were obtained. 
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Fig. 3. Merz grid overlay placed onto representative photomicrograph of ampullar dark 
cell region. 
Statistical Analyses. Two factors considered to influence the morphometric 
measurements of a dark cell region were: 1) different ampullae (superior, lateral or 
posterior) and 2) different ampullar regions ("C" or "S"). A two-way ANOVA was 
employed to compare measurements from different ampullae and from different 
ampullar regions. The two-way ANOVA also tested for a possible interaction 
between regions and ampullae (i.e., a combined effect of region and ampullae on the 
measurements). 
Morphometry 
The morphometry of tissue can be complicated by certain cellular characteris-
tics. For example, ampullar dark cells are polarized. The apical part of a dark cell 
consists of cytoplasm with vacuoles and other organelles, while the lower half to 
two-thirds portion of a cell consists mainly of basolateral infoldings (Fig. 4). These 
infoldings are anisotropic, i.e., oriented in a preferential direction. Moreover, the 
density of vacuoles in a given dark cell may vary from apex to base. A method 
could theoretically be invariant with respect to rotations or translations if a very 
large number of isotropic sections are analyzed. For practical reasons, in layered 
structures, the use of sections perpendicular to the layers is preferable, but the angle 
of cutting does influence the estimations when one is measuring surface density 
(21,24). The angle of sectioning is not critical for volumetric analysis even if the 
structure is anisotropic. Complicated statistical approaches to accurately estimate 
morphometric parameters of anisotropic structures have been applied to some tis-
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Fig. 4. Representative electron micrograph of dark cell. Observe polarity of dark cell. 
Infoldings of plasmalemma and intercellular spaces (arrows) are basolateral in position, and 
vauoles (v) and nucleus are located more apically. Melanocyte (M) is seen in subepithelial 
zone. E - endol) mph. 
sues (24.25). An alternative method called vertical sectioning can also be used to 
obtain unbiased surface density estimations for polarized and/or anisotropic struc­
tures (26). Because of the small size and irregular shape of the dark cell regions of 
the rat ampullae, vertical sectioning could not be utilized. Instead, ampullar tissues 
were cut in a fixed, similar orientation. Therefore, data obtained using this method 
are not absolute, but are reproducible and can reliably be used on a comparative 
basis. 
Changes in reference volume lead to discrepancies in surface density and 
volume density, since these are denoted as per unit volume. By measuring cell area 
per baseline length, variations in reference volume can be suspected. It is also pos­
sible to estimate data per μτη baseline length to avoid influence of reference volume 
changes (21). 
Results 
Means and standard errors of the cell area per μηι baseline length, of the mem­
brane surface density, of the volume density of intercellular space and of the volume 
density of vacuoles for the ampullar dark cell regions of the superior, lateral, and 
posterior ampullae are presented in the Table. Means and standard errors of the para­
meters obtained for region "C" or region "S" of a given ampulla are also presented 
in the Table. No statistically significant differences (two-way ANOVA, ρ < 0.05) 
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either between the dark cell regions of superior, lateral, and posterior ampullae or 
between regions "C" and "S" were found for each measured morphological feature. 
The statistical test showed no significant interaction between region and ampullae. 
TABLE; 
MORPHOMETRIC DATA OF AMPULLAR DARK CELLS 
Superior Lateral Posterior 
AmpulLi Ampulla Ampulla Region С Region S 
(N=4) (N=4) (N=4| (N=6) (N=6) 
Cell area per baseline length (μηι/μιυ) 8 2 ±0 22 8 1 ±0 79 7 0 ± 0 . Ή 7 5 ±0 57 8 ( І ± ( П І 
Membrane surl.ite density (μιη/μιη') 9 0710 46 7 8910 42 8241046 8211040 8491042 
Inlereellular space 
volume density (μιιι /μιη ) 0 15+0 02 0 12+0 02 0 Π 1 0 0 Ι 0 12+001 0 14+002 
Vauole volume density (μηι/μη ) 0 04210 011 0 045+0 007 0 046+0 011 0 04610 001 0 0S110 009 
Values ari, I IKUIIS ± SI M No sUilislii.al difkiuit-cs ( luo .лу ANOV \ ρ < OS) wer*, louiul t x m u j i i l i l k ren l ainpull.ii. οι 
tH-lwecu (lillerenl regions loi eaeh morpholoeiuil parameler 
Region С region m lenlei ol ensia .inipullans region S - region арргочшкие lo planum sennlunaluin ol cnsi.i anipullans 
Discussion 
No statistically significant differences in cell area per |im baseline length, mem­
brane surface density, volume density of intercellular space and volume density of 
vacuoles were observed between dark cell regions of the superior, lateral and poste­
rior ampulla. These data support the impression in the literature that dark cell 
regions of different ampullae are similar (8). 
Findings of this study also demonstrated that dark cell regions in different loca­
tions of an ampulla did not differ with respect to the morphological characteristics 
measured. Until now there have been no data available regarding similarities of dif­
ferent ampullar dark cell regions. Dark cell regions ("C" and "S") from the same 
ampulla were compared in an earlier pilot study, and similar data were obtained for 
each region. These findings collectively imply that random regions of different 
ampullae can be used when comparing experimental groups, unless there is reason 
to assume these would be affected differently. 
The membrane surface densities of ampullar dark cells were similar to those 
measured using an analogous method in the principal cells of the cortical collecting 
duct (27,28). The ampullar dark cells and the renal principal cell have similar baso-
lateral membrane configurations and their apical membranes contain few microvilli. 
Principal cells are thought to be involved in sodium absorption and potassium secre­
tion (28), and are situated in a microenvironment comparable to endolymph, since a 
high potassium concentration can be created and maintained in the lumen of the cor­
tical collecting duct (29). Such similarities are suggestive of a functional role of 
dark cells in regulating the Na+ and K+ concentrations in endolymph. Basolateral 
membrane surface density of frog dark cells has been previously determined by a 
different morphometric method (14). The membrane surface density of frog 
ampullar dark cells was found to be lower than that of the rat, even though the apical 
part of the frog dark cells was not included in the reference volume. 
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In contrast with an earlier qualitative observation ( 16), the volume density of 
intercellular space in the different ampullar dark cell regions was uniform. 
Ampullar dark cells appear to differ in this respect from epithelia that are involved 
in isotonic fluid transport, like that of the gallbladder, intestine, and proximal 
nephron (30,31). Large variations in intercellular space have been observed and 
correlated with different physiologic states in these epithelia. 
Vacuoles of various sizes were a minor content of the ampullar dark cell proto-
plasm. The origin and precise function of the vacuoles is unknown, but experiments 
suggest they may be involved in absorption. For example, after endolymphatic 
injection, methylene blue was found to accumulate in vacuoles of dark cells (3,4). 
Further, an increase in the number of vacuoles was observed after the addition of up 
to 5% NaCI to the endolymph (4), yet vacuoles increased in other cells that were 
bathed with a hypertonic solution and were found not to be a major shunt pathway 
(32). 
The morphometric method applied in this study has proven practical in obtain-
ing non-arbitrary quantitative data. Much remains to be known about the ampullar 
dark cells. As in renal research, application of morphometric methods under various 
experimental conditions can contribute to the further understanding of the function 
of ampullar dark cells. 
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CHAPTER 2 
DENSITY OF MARGINAL CELL BASOLATERAL MEMBRANES IN 
BASAL, MIDDLE, AND APICAL TURNS OF THE RAT COCHLEA 
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Abstract 
The Na-K-ATPase activity within stria vascularis tissues has been observed pre-
viously to decrease from basal to apical cochlear turns This reduction in Na-K-
ATPase activity in more apical regions of the cochlea may be accounted for, at least 
in part, by a lower density of Na-K-ATPase containing basolateral membranes of the 
marginal cells. This study was performed to determine the surface density of mar-
ginal cell basolateral membranes in standardized basal, middle, and apical turns of 
the rat cochlea. Montages of transmission electron microscopic micrographs of 
standardized regions of the rat stria vascularis were morphometncly analyzed. 
Surface area of marginal cell basolateral membrane was determined per unit stria 
vascularis volume and per unit marginal cell volume. Results demonstrated that the 
surface density of marginal cell basolateral membrane per stria vascularis volume of 
the standardized basal region increased significantly 209c compared to that of the 
standardized apical region (p < 0.1 ). Surface density of marginal cell basolateral 
membranes per marginal cell volume was similar in all three standardized turns. 
The observed longitudinal differences in surface density of marginal cell basolateral 
membranes per stria vascularis volume may account in part for the biochemical 
cochlear Na-K-ATPase activity gradient from base to apex 
Introduction 
It has long been established that the marginal cell basolateral membranes of the 
stria vascularis contain the active transport enzyme, Na-K-ATPase (1-4). The innu-
merable infoldings of these basolateral membranes of the marginal cells have been 
correlated with the observed high Na-K-ATPase activity of the stria vascularis (4,5) 
A gradient of Na-K-ATPase activity per striai weight has been observed in the stria 
vascularis from apex to base in the guinea pig (6) and the rat (7). This gradient is 
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believed to contribute to an increase in both endocochlear potential (EP) and K + 
concentration from apex to base (8). The increase in Na-K-ATPase activity per 
strial weight in more basal regions of the cochlea may be accounted for theoretically 
by greater density of Na-K-ATPase containing basolateral membranes, greater den-
sity of Na-K-ATPase sites on the basolateral membranes, greater molecular activity 
of individual Na-K-ATPase sites, or a combination of the above. This investigation 
was performed to determine the contribution of density of basolateral membranes of 
strial marginal cells to the Na-K-ATPase gradient in the rat cochlea. The surface 
density of basolateral membranes of the marginal cells within strial regions of stan-
dardized apical, middle, and basal turns of the cochlea were determined. 
Materials and Methods 
Tissue Processing. Five Long Evans rats (Charles River, Wilmington, MA: 
175-200 grams), were anesthetized with ketamine hydrochloride and xylazine. 
Cochlear tissues of each animal were fixed via a cardioperfusion with 12 ml phos-
phate buffered saline (PBS:20mM NaH^PO^H^O and 42mM Na,HP04, pH 7.4) fol-
lowed by 36 ml of a 2.5% glutaraldehyde and 2.0% paraformaldehyde PBS solution. 
Temporal bones were removed and cochleas were perilymphatically perfused with 
fresh fixative. Subsequently, cochleas were stored in fresh fixative overnight at 
40C, post-fixed in 1% osmium tetroxide, and placed in 5% EDTA at 40C. After 
decalcification, a midmodiolar cut was made through the cochleas and cochlear 
samples were processed for Epon-Araldite embedding (Polysciences, Warrington, 
PA). 
Standardized stria vascularis tissues from the basal, middle, and apical cochlear 
turns (Fig. 1) were obtained as previously described (9). Ultrathin sections (70 nm) 
of these regions were cut perpendicular to the surface of the stria vascularis on a 
Fig. I. Diagram of midmodiolar 
section of the rat cochlea. 
Morphometric determinations of 
marginal cell basolateral membrane 
surface density were performed on a 
standardized basal, middle, and 
apical cochlear region of each 
animal. 
APEX 
MIDDLE 
BASE 
4: 
Reichert-Jung ultramicrotome using a Diatome MT4()1 diamond knife. Sections 
were collected on Formvar/carbon coated slot copper grids (Electron Microscopy 
Sciences, Ft Washington, PA), stained with uranyl acetate and lead citrate, and pho­
tographed in a JOEL I00S electron microscope. Whole cross-sectional photomon­
tages of three standardized regions of the stria vascularis of each animal at a final 
enlargement of 5340x were used for morphometric analysis. 
Morphometry. Marginal cell basolateral membrane surface density (S
m
), 
defined as surface area of membrane per unit of protoplasm, was determined using 
the curvilinear test system of Merz (10). The curvilinear test system of Merz was 
used to eliminate bias introduced by the high degree of anisotropy of the basolateral 
membranes on the micrographs. The Merz grid consisted of horizontal sinusoidal 
lines that were 2.9 cm apart. This gridline distance assured a small relative standard 
error (II). The Merz grid overlays were placed over each strial montage (Fig. 2), 
and intersections between gridline and marginal cell basolateral membrane were 
counted with the aid of an inverted microscope. Perpendicular sections of the stria 
vascularis were analyzed since the angle of cutting does influence the estimations 
when measuring surface density (II). Therefore, data obtained using this method 
are not absolute and can only be reliably used on a comparative basis. 
Marginal cell membrane surface density (μην/μην) was determined as S
m
 = 2 · I 
/ (l
m
 · p); I = total number of intersections; l
m
 = length of grid line between two 
points; ρ = point counts in reference volume (10-12). The number of point counts in 
the reference volume of basolateral membrane surface area, stria vascularis volume 
F/^. 2. Merz grid overlay 
placed onto a representative 
transmission electron micro­
graph of the stria vascularis 
from a standardized region. 
Micron bar represents 2 |im. 
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or marginal cell volume, was previously determined using standard point count 
techniques (9). Measurements of marginal cell basolateral membrane surface den­
sity of each standardized turn were averaged and statistically compared by ANOVA 
(Division of Biostatistics, University of Florida). 
Results 
Marginal cell basolateral membrane surface density per strial volume (S
m
/SV) 
decreased from basal to apical cochlear turns. S
m
/SV of the standardized basal 
region increased statistically significant 20% compared to that of the standardized 
apical region (p < 0.1 ). Means and standard deviations of S
m
/SV for the standard­
ized basal, middle, and apical turns were 3.45 (± 0.79 sd) μην/μην, 3.08 (± 0.65 sd) 
μην/μτη , 2.88 (± 0.63 sd) μηι7μπι!, respectively (Fig. 3). 
Marginal cell basolateral membrane surface density per marginal cell volume 
(S
ni/MC) was similar in all three standardized cochlear regions. Means and standard 
deviations of S
m
/MC for the standardized basal, middle, and apical turns were 7.35 
(± 1.63 sd) μιτιΥμην, 7.23 (± 1.62 sd) цпгДт!1, 7.04 (± 0.99 sd) ут2/цт\ respec­
tively (Fig. 4). 
Total surface area of marginal cell basolateral membrane (S
m
) in each standard­
ized cochlear turn was determined by multiplying with S
m
/SV by the radial area. 
The differences in S
m
 between standardized turns were expressed relative to the 
basal region (Fig. 5). S
m
 in the standardized middle and apical turns was determined 
to be 72% and 53% ofthat of the standardized basal turn, respectively. 
in ni 
Bawl Middl. Apical
 B u a l M ¡ d d l e Apical 
Fig. 3. Histogram of marginal cell baso- F/,?. 4. Histogram of marginal cell baso-
lateral membrane surface density per stria lateral membrane surface density per 
vascularis volume (Sm/SV) in standardized marginal cell volume (Sm/MC) in standard-
basal, middle, and apical regions of the rat ized basal, middle, and apical regions of 
cochlea. A statistically significant (ANOVA, the rat cochlea. S^MC was similar in all 
ρ < 0.1 ) decrease in Sm/SV was observed standardized regions. 
from base to apex in the rat cochlea. 
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F/.ç. 5. Histogram of total surface area of 
marginal cell basolateral membrane in 
standardized basal, middle, and apical rat 
cochlear regions. The differences between 
standardized regions were determined relative 
to the basal region. The total amount of 
basolateral membrane surface area in the 
standardized cochlear turns was determined 
to decrease drastically from base to apex. 
Discussion 
Morphometric techniques were applied in this investigation to determine the 
surface density of marginal cells basolateral membranes, first, per whole stria vascu-
laris volume (Sm/SV) and, secondly, per marginal cell volume (Sm/MC). 
Determination of the density of marginal basolateral membranes is considered to be 
important because modulation of the amount of basolateral membranes has been 
shown in other tissues to be a means by which such tissue can regulate its Na-K-
ATPase activity (13). Measurement of the density of marginal cell basolateral mem-
branes, therefore, may contribute to the understanding of the previously observed 
Na-K-ATPase gradient in the rat cochlea (7). 
When Sm/SV was determined in standardized regions in the cochlea, a small 
gradient was observed. Sm/SV was demonstrated to decrease 11 % from basal turn 
to middle turn, and 17% from basal turn to apical turn. This basolateral membrane 
density gradient may explain, in part, the previously observed ±32% decrease of 
strial Na-K-ATPase activity from base to apex per strial weight in the rat cochlea 
(7). These results suggest that Na-K-ATPase pump density and/or molecular activ-
ity also may contribute to the longitudinal strial Na-K-ATPase activity gradient in 
the rat cochlea. 
Sm/SV was lower compared to that of ampullar dark cells ( 14) and similar to 
that of distal nephron cells (15.16) that were determined using a similar method-
ology. Therefore, the reported higher Na-K-ATPase activity in the stria vascularis 
compared to dark cell tissues and renal tissues (8) may be explained by greater 
Na-K-ATPase pump density and/or molecular activity in the stria vascularis rather 
than density of marginal cell basolateral membranes. 
Sm/MC was similar among the different standardized regions of the rat cochlea, 
in contrast to Sm/SV. These results indicated that there was a similar amount of 
basolateral infoldings per marginal cell protoplasm. It is proposed that the observed 
gradient in Sin/SV was, therefore, due to the previously determined 15% decrease in 
marginal cell volume density from base to apex in the rat cochlea (9). 
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The relative total amount of basolateral membrane surface density in the three 
standardized turns was determined by combined morphometric data. The surface 
area of the membranes of the standardized basal region was almost twofold com-
pared to that of the standardized apical region. The physiological role of the large 
gradient of absolute amounts of basolateral membranes is unclear, especially since 
the endolymph volume appears to be relatively constant along the cochlear turns, as 
was demonstrated for the chinchilla and guinea pig animal model (17,18). 
In conclusion, a longitudinal gradient of marginal cell basolateral membrane 
surlace density was observed in the rat cochlea. This gradient may explain, in part, 
the previously reported gradient of striai Na-K-ATPase activity in the rat cochlea. 
The applied morphometric method can be a useful, technical tool to study responses 
of marginal cell basolateral membranes to differing experimental conditions. 
References 
1 Nakai Y, Hilding DA. Electron microscopic studies of adenosine triphosphatase activity 
in the stria vascularis and spiral ligament. Acta Otolaryngol (Stockh) 1966.62 411-428. 
2 Iwano T, Yamamoto A, Omon K, Akayama M, Kuma¿awa Τ, Tashiro Y. Quantitative 
immunocytochemical localization of Na.K-ATPase a-subunit in the lateral wall of rat 
cochlear duct. J Histochem Cytochem 1989,37 353-363. 
3. Schulte ΒΑ, Adams JC. Distribution of immunoreaclive Na+-K+-ATPase in Gerbil 
Cochlea J Histochem Cytochem 1989,37.127-134. 
4 Kerr TP. Ross MD, Ernst SA. Cellular localization of Na+, K+-ATPase in the mammalian 
cochlear duct· Significance for cochlear fluid balance. Am J Otolaryngol 1982:3:332-338. 
5 Duvall III AJ, Santi PA, Hukee MJ. Cochlear fluid balance: a clinical/research oveiview. 
AnnOtol Rhinol Laryngol 1980,89.335-341. 
6. Kuiipers W, Bonting SL. Localization and properties of ATPase in the inner ear of the 
guinea pig Biochim Biophys Acta 1969,173:477-485. 
7 Giorgi G. Bianchi E, Micheli L, Bozzo M. Aragona PL Localization and properties of the 
ATPase in the inner ear ot rat Eur Rev Med Pharmacol Sci 1987;9-221-232 
8. Drescher DG, Kerr TP Na+, K+- activated adenosine triphosphatase and carbonic anhy-
drase· Inner-car enzymes of ion transport. In: Drescher DG, ed. Auditory Biochemistry. 
Springfield: CC Thomas. 1982:436-72. 
9. Lohuis PJFM. Patterson K, Rarey KE. Quantitative assessment of the rat stria vascularis. 
Hear Res 1990.47:95-102. 
10. Merz WA. Die Streckenmessung an gerichteten Strukturen im Mikroskop und ihre 
Anwendung zur Bestimmung von Oberflachen-Volumen-Relationen im Knochengewebe. 
Mikroskopie 1967,22-132-142. 
11. Weibel ER Stereological methods. Vol I. Practical methods for biological morphometry. 
London, England. Academic Press, 1979 
12. Weibel ER Stereological techniques of electron microscopic morphometry. In: Hayal 
MA. ed Principles and techniques of electron microscopy. Vol 3. New York. Van 
Nostrand Reinhold, 1973.239-296. 
13 Kaisslmg B. Structural aspects ot adaptive changes in renal electrolyte excretion. Am J 
Physiol 1982;243:F2I1-F226. 
14. ten Cate W-JF, Patterson K, Rarey K. Morphometry of ampullar dark cells. Ann Otol 
Rhinol Laryngol 1990;99-877-882. 
46 
15. Kaïssling В, LeHir M. Distal lubular segments ot the rabbit kidney after adaption to 
altered Na- and K-mtake. Cell Tissue Res 1982;224:469-492. 
16 Wade JB, O'Neil RG, Pryor JL, Boulpaep EL. Modulation of cell membrane area in renal 
collecting tubules by corticosteroid hormones. J Cell Biol 1979;81:439-445. 
17. Sann PA, Lakhani B, Bingham C. The volume density of cells and capillaries of the nor­
mal stria vascularis. Hear Res 1983; 11:7-22. 
18. Fernandez C. Dimensions of the cochlea (guinea pig). J Acoust Soc Am 1952;24:519-
523. 
48 
CHAPTER 3 
ULTRASTRUCTURE OF AMPULLAR DARK CELLS IN THE ABSENCE 
OF CIRCULATING ADRENOCORTICOSTEROID HORMONES 
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Abstract 
The morphology of rat ampullar dark cells was studied in absence of circulating 
adrenal hormones at two time intervals of 8-14 and 22-28 days. Five morphological 
parameters of dark cells were quantitatively determined: cell area per baseline 
length, basolateral membrane surface density, basolateral membrane length per 
baseline length, volume density of intercellular space and volume density of vac-
uoles. Significant statistical reduction of basolateral membrane length per baseline 
length was observed after an absence of circulating adrenal hormones for 8-14 days 
and 22-28 days compared to sham-operated animals that served as control. The 
basolateral membrane surface density decreased significantly in the animals sacri-
ficed 22-28 days following adrenalectomy compared to sham-operated animals. 
Cell area per baseline length decreased and volume density of vacuoles increased at 
both time intervals following adrenalectomy, however, these differences were statis-
tically insignificant. The volume density of intercellular space between dark cells 
was practically constant among the groups. Results of this study, are similar to 
those reported for ion-regulating nephron cells, and support the hypothesis that cells 
involved in microhomeostasis of vestibular endolymph may at least be partly regu-
lated by adrenal hormones. 
Introduction 
Since the discovery of two distinct inner ear fluids, perilymph and endolymph, 
numerous investigations have been conducted to determine the mechanisms which 
allow maintenance of the ionic and fluid gradients within the inner ear ( 1,2). One 
line of research has been to identify within the inner ear the presence of enzymes 
which are known to be associated with ion-transporting cells elsewhere in the body. 
The presence of Na-K-ATPase activity, for example, has been successfully demon-
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slrated in the inner ear, including vestibular dark cells (3-6). The effects of certain 
chemicals such as ouabain and ethacrymc acid on inner ear Na-K-ATPase activity 
has led lo a greater understanding of the physiological impact of this enzymatic sys-
tem w ithin the realm of inner ear fluid microhomeostasis (7,8). 
Regulation of Na-K-ATPase by various factors in other organ systems have 
been investigated (9) While the intracellular concentration of sodium has been 
shown to be the major factor governing Na-K-ATPase activity, substantial evidence 
has been compiled to show that hormones, including adrenal steroids, influence Na-
K-ATPase activity (9-12). To explore the possibility that inner ear Na-K-ATPase 
activity may in part be regulated by adrenal steroids in a similar manner, inner ear 
tissues were processed and analyzed for the presence of adrenal steroid receptors. 
Both mmeralocorticoid and glucocorticoid receptor proteins were identified in the 
cochlear and vestibular tissues (13) Since adrenal steroid receptors were present in 
the inner ear, the next question asked was whether removal of circulating adrenal 
steroids affected the Na-K-ATPase activity of inner ear cells. Recent data compiled 
by microassay of stria vascularis and ampullar dark cell tissues demonstrated a sig-
nificant decrease in such activity in adrenalectomized animals as compared to sham-
operated controls (14). 
Clinically, the correlation of adrenal hormones with endolymph microhomeo-
stasis is based upon reports that adrenal gland hypofunction has been identified in 
some patients diagnosed with Meniere's syndrome (15,16). Furthermore, increased 
hearing sensitivity was observed in patients with adrenal cortical insufficiency (17). 
The objective of this research was to determine the effect of the absence of cir-
culating adrenal steroids on the morphological characteristics of ampullar dark cells 
by the use of a recently proposed morphometnc method (18). Dark cells were stud-
ied at two time intervals following adrenalectomy. A time interval of 8-14 days 
post-adrenalectomy was selected since this was a time period in which similar treat-
ment on renal tissues was studied (12). The time interval of 22-28 days post-
adrenalectomy was identified also to observe the response of ampullar dark cells at a 
time period more chronic, since in humans a hypoadrenocorticoid state associated 
with otovestibular dysfunction is presumed to be a result of a chronic hormonal 
imbalance ( 16) The hypothesis tested was that changes in serum levels of adrenal 
steroids can affect morphological characteristics of ampullar dark cells. 
Materials and Methods 
Eighteen pigmented male Long Evans rats, weighing 150-225 gram, were anes-
theliicd intramuscularly with ketaminc hydrochloride (88.0 mg/kg body weight, 
Bristol Laboratories) and xylazine (13.0 mg/kg body weight Mobay Corp ). Twelve 
animals were bilaterally adrenalectomized in the following manner. Both adrenal 
glands were exposed via a dorsolateral extraperitoneal route and carefully removed 
using Russian tissue forceps and ins scissors. Excised adrenal glands were 
inspected to ensure complete extraction. The suprarenal area was swabbed with 
90% alcohol to avoid regrowth from remaining capsule or gland cells. Animals 
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were sacrificed either 8-14 days (n=6) or 22-28 days (n=6) after surgery Six ani­
mals received a sham adrenalectomy and were sacrificed 14-28 days after surgery 
All animals were individually housed and fed Purina Laboratory Chow Sham-
operated rats were given tap water, and adrenalectomized rats were given 0 9% 
NaCl to avoid dehydration Both groups were allowed to drink ad libitum 
At the time of sacrifice, all animals were anesthetized as previously described 
and a blood sample from each was collected by cardiac puncture After clamping all 
descending vessels and incision of the right atrium, each rat was infused with 12 ml 
phosphate buffer (20 mM NaH2 Ρ0 4 ·Η 2 0 and 42 mM Na2 HPO4), pH 7 4, followed 
by 36 ml fixative (2 5% glutaraldehyde, 2 0% paraformaldehyde in phosphate 
butter) Animals were sacrificed by decapitation Temporal bones were removed 
and each bulla opened The bone overlying the posterior wall of the utricle and 
superior and lateral ampullae was removed, and fresh fixative was gently perfused 
into the bony labyrinth Each specimen was submerged in fresh fixative over night, 
rinsed 3x in phosphate buffer, and post-fixed for two hours in 1% osmium tetroxide, 
pH 7 4 Temporal bones were rinsed three times in phosphate buffer and dehydrated 
in graded concentrations of ethanol (up to 70%) and dissected Ampullar tissues 
were carefully removed with the aid of a binocular dissecting microscope 
Following complete dehydration, whole ampullar tissues were embedded in 
Epon/Araldite epoxy resin and cut on a Reichert-Jung ultramicrotome with a 
Diatome MT401 diamond knife All tissues were maintained at 40C during process­
ing Thick sections (0 9 μιη) were stained with methylene blue and thin sections (70 
nm) were stained with uranyl acetate and lead citrate Representative samples of 
ampullar dark cells were photographed in a JOEL 100S electron microscope at a 
magnification of 6700x Electron micrographs of given dark cells at final magnifi­
cation of 17500x were obtained Serum aldosterone levels of the animals were 
determined by radioimmunoassay (ICN diagnostics and MetPath, ine ) 
The tissues were morphometricly analyzed according to a method described 
previously ( 18) Random sections of dark cells from the mid-region of the crista 
ampullans of a given ampulla were used The parameters determined were dark 
cell area per μιη baseline length (thick sections), basolateral membrane surface den­
sity, volume density of intercellular space, and volume density of vacuoles (thm sec­
tions) In addition, in order to avoid the influence of reference volume changes, the 
length (μπι) of basolateral membrane per μιη baseline length (B
m
) was determined as 
B
m
 = I χ d / B], (I = number of gridhne intersections with membrane, d = gndline 
distance, B, = baseline length) (19) 
Adrenalectomized groups were statistically compared to sham animals by inde­
pendent Student's t-tests (p=0 01, overall significance level p=0 02) 
Results 
Ampullar dark cells of adrenalectomized animals and sham-operated animals 
showed no remarkable qualitative differences in ultrastructure (Fig la, b and c) 
However, several significant differences were observed when the measurements of 
the different morphological characteristics from the dark cells of each of the two 
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adrenaleclomi¿ed animal groups (8-14 days and 22-28 days) were compared to 
those of the sham-operated animals (Table I). The ampullar dark cell area per μτη 
baseline length decreased by 12% (8-14 days after adrenalectomy) and 19% (22-28 
days after adrenalectomy) when compared to sham-operated animals. These reduc­
tions were statistically insignificant. The basolateral membrane surface density 
decreased minimally 8-14 days after adrenalectomy compared to sham-operated 
animals. After an absence of adrenal steroids for 22-28 days, a statistically signifi­
cant decrease of 27% (p < 0.01) was observed in basolateral membrane surface den­
sity. Basolateral membrane length per |im baseline length decreased both 
significantly by 20% (p <0.01) following 8-14 days of adrenalectomy and by 39% 
(p < 0.01) after 22-28 days of adrenalectomy. 
The volume density of intercellular space was nearly constant between the dif­
ferent groups. The volume density of vacuoles increased slightly in the animals 
sacrificed 8-14 days after adrenalectomy compared to sham-operated animals. After 
22-28 days of absence of adrenal hormones, the volume density of vacuoles almost 
doubled, however this was statistically insignificant (p = 0.12) due to a large stan­
dard error of the measurements. 
The means and standard errors of serum aldosterone levels of the different groups 
are presented in Fig. 2. The aldosterone levels remained reduced up to 28 days after 
adrenalectomy. 
TABI Γ. I. 
EFFECT OF ADRENALECTOMY ON AMPULLAR DARK CELL MORPHOLOGY 
Number of specimens 
examined 
Sham 
6 
7.7 ±0 69 
S H ± 0 46 
V 5±1 5 
0 I 4 ± 0 0 2 
0 030+0.006 
Treatinem 
ADX» , 4 ^ 
6 
6 8 ±0 49 
8 ()7±0 26 
10 1*±1 5 
(/i=5 5xl() ) 
0 I6±0 0 l 
0 0.12r() 004 
A D X : : M , l l ) s 
6 
6 2 ±0 37 
5 92*±() 28 
(/7=2.5x10 ) 
22 8-±l 4 
(/>=3 2х1(Г) 
0 11+0 01 
0 055+0 011 
Coll jrea per baseline length (μηι'/μιη) 
Basolaieial membrane 
surlacc dcnsily (μτη /μιη ) 
BasolaiLTcil membrane length per 
baseline lengih (μηι/μηι) 
Inieaellular space volume density (μηι'/μιη ) 
Vacuoles volume density (μιη /μιη') 
\ alucs arc means + SLM 
'Sigillili, .m'ly ilillcrcni I rom the sham gioup (ovciall sigmlivuntc level /r=li02) 
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Fig. I Representative 
electron micrographs of 
ampullar dark cell regions 
from a sham-operated 
animal (a), an animal Χ­
Μ days post-adrena-
lectomy (b), and from an 
animal 22-28 days post-
adrenalectomy (c). No 
remarkable qualitative 
differences in ultrastruc­
ture were observed be­
tween dark cell regions 
from the different animal 
groups. Uranyl acetate 
and lead citrate staining. 
BLI, basolateral infold-
ings; E, endolymph; ICS. 
intercellular space; V. 
vacuole. 
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FÎ'.Ç. 2. Comparison of serum aldosterone levels from sham-operated animals to those of 
animals 8-14 days post-adrenalectomy, and to those of animals 22-28 days post-adrenalec-
tomy. Serum aldosterone concentrations were determined by radio-immunoassay. 
Discussion 
Changes in rat ampullar dark cell ultrastructure were observed following 
adrenalectomy, and these changes became more accentuated over time. There were 
statistically significant 20% and 39% losses of basolateral membrane per baseline 
length 8-14 and 22-28 days after adrenalectomy, respectively, as compared to sham-
operated animals. The decrease of basolateral membrane surface density observed 
at both time intervals following adrenalectomy was only statistically different from 
sham-operated animals at the 22-28 days interval. Although statistically insignifi-
cant, the cell area per baseline length decreased and the surface density of vacuoles 
increased in absence of adrenal steroids. The volume density of intercellular space 
between dark cells was similar among the different groups. Finally, the morpho-
metric data obtained for the sham-operated animals were similar to those observed 
in untreated animals (18). 
A decrease of basolateral membrane in the ampullar dark cells observed in the 
absence of adrenal hormones has earlier been reported for principal cells of the col-
lecting duct, which is a well-known target tissue of adrenal steroids (12). The 
changes in basolateral membrane after 10 days following adrenalectomy were more 
pronounced in principal cells compared to those of ampullar dark cells. No data are 
available on membrane changes in the collecting duct 22-28 days post-adrenalec-
tomy. Principal cells, which have morphological similarities with ampullar dark 
cells (18), are involved in sodium absorption and potassium secretion (20). The 
results of this study support the hypothesis that vestibular dark cells may have a 
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similar function as principal cells. 
A decrease of about 50% of Na-K-ATPase activity in ampullar dark cell tissues 
and collecting duct tissues was found 7 days after adrenalectomy compared to sham 
animals (11,14). The Na-K-ATPase is located on the basolateral membranes of both 
the dark cells (5,6) and the principal cells (9). The decrease of basolateral mem­
branes in the ampullar dark cells and that reported for principal cells are dispropor­
tional to the decrease of Na-K-ATPase activity. Therefore, a decrease of basolateral 
membrane can only partially account for the decrease in enzyme activity. A reduc­
tion of basolateral membrane and enzyme sites in the principal cells were assumed 
since the molecular activity of the enzyme remained unaltered after adrenalectomy 
(9). 
A decrease of dark cell area per baseline length was observed after adrenalec­
tomy at both time intervals. Cell area, which can be used as an estimate of cell vol­
ume (19), also decreased in principal cells after adrenalectomy (12). The reduction 
in dark cell volume masked the reduction of basolateral membrane when expressed 
as surface density (μπί'/μιη1) (18). When basolateral membrane was expressed as per 
baseline length a statistically significant reduction compared to sham-operated ani­
mals was observed 8-14 days after adrenalectomy. 
Absence of adrenal hormones did not cause distention or collapse of intercellu­
lar space between ampullar dark cells. Variations of intercellular space have been 
correlated with different physiological states of paracellular fluid transport in other 
epithelia (21). It can be speculated that adrenalectomy did not result in change of 
fluid transport. However, a change in fluid transport may not have been reflected in 
structural changes because of the high plasmamembrane surface to cell volume ratio 
of the examined dark cells. Changes in fluid transport, induced for example with 
vasopressin, were only visualized when collecting duct cells were fixed in a tran­
sient state (22). After 8-14 days and 22-28 days in absence of adrenal steroids, a 
new steady state of fluid transport is likely to be achieved. The absence of adrenal 
hormones has been shown to induce complicated changes in water transport in the 
nephron. These changes included a decreased antidiuretic effects of vasopressin on 
the collecting duct (23) and an increase of the hydraulic conductance in the distal 
convoluted tubule (24). Structural changes of nephron cells involved were not 
documented in these studies. 
The volume density of vacuoles within dark cells increased after adrenalectomy 
(8-14 days and 22-28 days) although the differences were not statistically signifi­
cant. The origin and function of these vacuoles are not known, and interpretation of 
this observation is therefore not possible at this time. Interestingly, an increase of 
vacuoles in ampullar dark cells was observed after administration of high sodium 
into the vestibular endolymph (25). Decrease of Na-K-ATPase activity following 
adrenalectomy might have induced a similar ionic change in endolymph. 
In summary, the data of this study provide morphological support that adrenal 
steroids regulate cells involved in microhomeostasis of endolymph. 
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CHAPTER 4 
MODULATION OF THE RAT STRIA VASCULARIS IN THE ABSENCE 
OF CIRCULATING ADRENOCORTICOSTEROIDS 
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Abstract 
Structural changes in the cellular morphology of the rat stria vascularis from a 
standardized region of the basal turn and from a standardized region in the apical 
turn of the rat cochlear duct were measured using stereological methods after 
removal of endogenous levels of adrenal steroids by bilateral adrenalectomy. 
Although there were some inconsistent and insignificant alterations in the volume 
density of intermediate and basal cells, a decreased volume density of marginal cells 
in both the basal region and in the apical region in adrenalectomized (ADX) animals 
as compared to sham animals was consistent with a concomitant significant 
increased (p < 0.05) volume density of intercellular space as observed in both the 
basal and apical regions of the stria vascularis of ADX animals. Findings of this 
study indicate that the cells of the stria vascularis react differently and indepen­
dently in response to the removal of adrenal steroids, and such strial responses occur 
uniform in both the base and apex. 
Introduction 
It is generally assumed that the cellular distribution of Na-K-ATPase in the stria 
vascularis plays a fundamental role in the preservation of ion and fluid homeostasis 
of endolymph ( 1 -4). Na-K-ATPase is a membrane-bound ATP hydrolyzing enzyme 
complex that translocates Na and К over the cellular plasma membrane, and is con­
sidered to be primarily regulated by the intracellular Na concentration (5,6). In the 
kidney. Na-K-ATPase activity has been demonstrated to decrease following adrenal­
ectomy and has recovered after administration of mineralocorticoids and/or gluco­
corticoids (7-11 ). Based on these findings, Na-K-ATPase activity has been 
hypothesized to be regulated in part by adrenal hormones by their actions at the 
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nuclear level (11-13) 
Protein receptors for both mmeralocorticoids and glucocorticoids have been 
demonstrated in inner ear tissues (14) Removal of endogenous levels of adrenal 
steroids by bilateral adrenalectomy was shown by microassay to cause a significant 
decrease ot ATPase activity in rat inner ear tissues, e g , stria vascularis (15) 
Hence, it can be conjectured that circulating levels of adrenal hormones can influ-
ence stridi cell function, thereby providing a means of regulating cells involved in 
the microhomeostatic environment of the cochlear duct 
The objective of this study was to determine if the rat stria vascularis struc-
turally adapts to the removal of adrenal stimuli via bilateral adrenalectomy on a 
regional basis by applying stereological methods The findings complement bio-
chemical data found previously and contribute to the understanding of the effect of 
adrenocortical imbalances on striai cell function and the ionic microenvironment 
within the cochlear duct 
Materials and Methods 
Twelve Long Evans rats (Charles River, Wilmington, MA, 175-200 grams), 
were divided into two groups Animals m Group one (n=6) were adrenalectomized 
(ADX), Animals in Group two (n=6) received a sham-operation All rats were pro-
vided with standard Purina laboratory chow Animals in Group 2 received tap water 
ad libitum, while animals in Group 1 were sustained with 0 9% saline ad libitum 
Bilatei al A di enalec tomy 
Rats were anesthetized with intramuscular injections of ketamine hydrochloride 
(100 mg per kg body weight) and xylazine (10 mg per kg body weight), and the 
adrenal glands were carefully removed through dorsolateral incisions Each adrenal 
gland was inspected under a stereomicroscope to ensure complete extraction The 
suprarenal area was dabbed with 95% ethanol to aid in suppression of possible 
regrowth of remaining capsular cells Abdominal muscles were sutured with 4-0 
silk and animals were allowed to recover A sham-operation consisted of exposure 
ot adrenal glands in the manner described without excision of the adrenal glands 
Tissue Pwcessing 
Fifteen days after surgery, rats in the two groups were anesthetized with keta-
mine hydrochloride and xylazine as previously described The abdominal cavity 
was exposed, the diaphragm was reflected, and approximately 3 ml blood was col-
lected by intracardiac puncture The descending vessels were clamped, the right 
atrium opened and each animal was intracardially perfused with 24 ml phosphate 
buffered saline (PBS 20 mM NaH2 P(VH 2 0 and 42 mM Na2 HPO4), pH 7 4, fol-
lowed by 36 ml fixative (2 5% glutaraldehyde and 2 0% paraformaldehyde in PBS) 
Following decapitation, the temporal bones were quickly removed, and each bullae 
was opened Each cochlea was penlymphatically perfused with fresh fixative after 
opening the oval and round windows, and creating a small hole in the otic capsule at 
the cochlear apex Cochleas were stored in fresh fixative overnight at 40C, post-
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fixed for two hours in phosphate buffered 1 % osmium tetroxide, pH 7.4, rinsed 3x in 
PBS, and placed in 5% EDTA at 40C. After 5 days of decalcification, a midmodio-
lar cut through the apex and between the oval and round windows was performed, 
and each half cochlea was dehydrated in graded concentrations of ethanol, and 
processed for Epon/Araldite (Polysciences, Warrington, Pa) embedding using nor-
mal procedures. After epon polymerization, standardized stria vascularis tissues 
from the cochlear basal turn and from the apical cochlear turn were obtained as 
described previously (16). After reembedding, thick sections were used to verify 
proper alignment (i.e., perpendicular to the surface of the stria vascularis). Ultra-
thin (70 nm) sections were then collected on Formvar/carbon coated slot copper 
grids (2x1 mm; Electron Microscopy Sciences, Ft. Washington, Pa) using a 
Reichert-Jung ultramicrotome and a Diatome MT401 diamond knife. These sec-
tions were examined in a JOEL 100S electron microscope and a series of micro-
graphs was taken along the length of the stria vascularis. Of each region a montage 
of the complete stria vascularis was created at a final enlargement of 5340x, unin-
terrupted by grid bars. The following parameters were determined using stereologi-
cal methods: volume density of strial cells, capillary space and intercellular space, 
strial width, the number of marginal cells across the strial width and the radial area. 
Serum aldosterone values of the animals were determined by radioimmunoassay 
(ICN diagnostics) in our laboratory. 
Analysis of the Stria Vascularis. 
Strial components in both the basal and apical regions of the stria vascularis 
were identified and the strial boundaries were outlined as previously described by 
Santi (17) and modified by Lohuis (16). The following morphological parameters 
were determined from a standardized region of the basal and apical turns of the 
cochlear duct: 
Strial width. Strial width was defined as the distance between the spiral promi-
nence and Reissner's membrane along the endolymphatic surface of the marginal 
cells. Determination of strial width was accomplished with the aid of computer-
assisted image analysis (Southern Micro Instruments, Atlanta, Ga). 
Number of marginal cells over the strial width. The number of marginal cells 
along the endolymphatic surface was determined by identifying apical tight junc-
tions between adjacent marginal cells. 
Volume density of strial components. Volume density (Vv) of marginal cells, 
intermediate cells, basal cells, capillary space, and intercellular space was deter-
mined using standard point-counting methods (17,18). These methods are based 
upon the assumption that mean surface proportions of strial components are equal to 
the mean volume proportions of these components (18). The surface area of each 
striai component was determined by dividing the point counts falling on that compo-
nent by the total counts on the entire stria image. 
Radial area of the stria vascularis. The radial area was defined as the surface 
area of individual strial cross sections, and was determined by multiplying the total 
number of point-counts falling on the stria vascularis by d2, where d is the distance 
between adjacent lines on the point count grid, divided by the magnification (d = 
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1.92 μτη). The carbon replica grid was required for an accurate determination of ci. 
Morphometry. 
Differentiation between the different strial components in both the apical and 
basal regions of the stria vascularis was possible because of contrasting electron 
densities. Marginal cells were easily distinguished from the less dense intermediate 
cells, yet more care was needed to differentiate among basal cells and intermediate 
cells, as well as between basal cells and the fibroblasts of the adjacent spiral liga­
ment. Endothelial cells, pericytes and the basal lamina of strial blood vessels were 
counted to be within the structure of the capillary space. Pigment-containing cells 
were included as intermediate cells. 
Statistical Methods. 
Adrenalectomized animals were compared to sham-operated animals using 
multiple t-tests. The basal and apical turns were analyzed separately. The prob­
ability level for accepting the null hypothesis was set at 0.05. 
Results 
The stria vascularis in both the basal and apical regions of the cochlear duct as 
seen by transmission electron microscopy appeared intact in both the adrenalec­
tomized (ADX) animals and sham-operated (SHAM) animals (Figs. 1 and 2). The 
Fig. 1. Transmission electron micro­
graph of the stria vascularis from a 
standardized basal region from a sham-
operated animal. All strial components 
appear unremarkable. Osmium, uranyl 
acetate and lead citrate. Bar - 2|im. 
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Fig. 2. Representative transmission 
electron micrograph of the stria vascu­
laris from a standardized basal region 
from an a d r e n a l e c t o m i z e d animal . 
Note that the intercellular space be­
tween stria! cells appears enlarged. 
O s m i u m , uranyl ace ta te and lead 
citrate. Bar - 2μιη. 
intercellular space within the stria vascularis appeared greater in ADX animals than 
in SHAM animals. 
Means and standard deviations of marginal cell number, strial width and radial 
area from a standardized region in the basal turn and in the apical turn of the rat 
stria vascularis are presented in Table I. In each turn the number of marginal cells in 
the stria vascularis and the strial width were similar in the ADX and SHAM ani­
mals. The radial area decreased by 8.3% after adrenalectomy in the basal stria. 
However, the radial area increased by 11% in the apical stria vascularis. Such 
TABLE I. 
COMPARISON OF MORPHOLOGICAL DATA FROM THE STANDARDIZED REGION 
IN THE BASAL TURN AND FROM A STANDARDIZED REGION 
IN THE APICAL TURN OF THE RAT STRIA VASCULARIS 
Marginal ceil 
Number± SD 
Striai width 
±SD(|Jm) Radial area ±50(μιη ) 
Basal turn 
Sham (/i=6) 
ADX (н=6) 
Apical Turn 
Sham (л=6) 
ADX (/1=6) 
22.8±2.04 
23.2±1.60 
17.8±3.5 
17.5±2.0 
231.75±1(I.18 
231.I2± 12.57 
158.1±22.6 
I69.6±17.1 
5 447.3±376.0 
4 996.3±510.3 
3 088.9±782.8 
3429.Ш52.4 
Values arc means ± siandard de\ muons 
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changes were not statistically significant. The increase in apical radial area may 
reflect a greater variation in Vv of strial components in the apex. 
When the volume density (Vv) of the different strial components was mea-
sured, distinct changes were observed (Figs. 3 and 4). The mean volume density of 
each strial component in a standardized region of the basal turn and that of the apical 
turn of the rat stria vascularis are presented in Table II. When ADX animals were 
compared to SHAM animals, the marginal cell Vv significantly decreased by 9% 
(p < 0.05) in the basal turn, while a non-significant decrease of 7% was observed in 
the apical turn. There were non-significant changes in the volume density of inter-
mediate cells, basal cells, and capillary space in each standardized region examined 
of the different experimental groups. A significant increase (p < 0.05) in the Vv of 
marginal Intermediate basal capillary Intercellular 
ceNs cells cells space space 
Fig. 3. Histogram of the mean 
volume density (Vvj of each 
stria! component in the basal 
stria vascularis from both the 
adrenalectomized and sham-
operated animals. Low varia-
bility was observed within 
animal groups. 
marginal Intermediale basal capillary Intercellular 
cals cells cells space space 
Fig, 4. Histogram of the mean 
volume density (VY) of each 
strial component in the apical 
stria vascularis from both the 
adrenalectomized and sham-
operated animals. Unlike in the 
basal region, high variability was 
observed within animal groups. 
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the intercellular space was observed after adrenalectomy when compared to SHAM 
animals in both the basal and apical turns. 
Mean serum aldosterone values and standard deviations for the two groups 
were: ADX, 27.5 (± 29.4 sd) pg/ml; SHAM, 433.0 (± 103.3 sd) pg/ml. 
T \ B U II 
COMPARISON OF MEAN VOLUME DENSITY (\\ I OF EACH STRIAL COMPONENT 
IN THE STANDARDIZED BASAL REGION AND IN THE STANDARDIZED 
APICAL REGION OF THE RAT STRIA VASCULARIS 
Basal turn 
Sh.im (н=6) 
ADX («=6) 
Apical Turn 
Sham («=6) 
ADX (;i=6) 
Value· 
"SlJII' 
. arc means 
slicalh sign 
Striai componenl 
Marginal 
Cell 
0 422±OOI7 
0 38()±() 020* 
O l S S i O O i l 
о i m o 0S2 
± sundanldcvialions 
ificanl dilïeicnl I ron 
:s 
Iniermediale 
Cell 
0 144±0 026 
0 .TOiO 0Ì9 
0174+0 041 
0 409+0 047 
sham group (/=lest 
Basal 
Cell 
0 I49±0 021 
0 I59±0 020 
0 14610 031 
0 110+0 035 
,/5<О0Ч1 
C a p i l l a r ) 
Space 
0 082+0 010 
0 088±0 02] 
0 092±0 028 
0 096±0 017 
Intercullular 
Space 
0 001±0 001 
0 021+0 019* 
0 00O±0 000 
0 (>01±0 ( Ш * 
Discussion 
Findings of this investigation imply that removal of circulating adrenal steroids 
induced structural changes in the stria vascularis in both the basal and apical regions 
of the rat cochlear duct. The response of strial cells in the basal region of the 
cochlea was similar to that observed in the apical region. A decrease in the volume 
density of the marginal cells was consistently correlated with an increase of the 
intercellular space both in the apical and basal stria vascularis of adrenalectomized 
(ADX) animals. 
The morphological changes detected in this study are concomitant with bio­
chemical changes induced by a removal of endogenous circulating adrenal hor­
mones. A significant decrease in Na-K-ATPasc activity was previously found in the 
stria vascularis after bilateral adrenalectomy (15). Collectively these data indicate 
that the cells of the stria vascularis adapt both structurally and biochemically in the 
absence of adrenal stimuli and may suggest a regulation of Na-K-ATPase activity by 
adrenal steroids in the metabolically active stria vascularis. 
Perpetuation of cellular volume is a primary function of Na-K-ATPase (20). 
This enzyme ensures low intracellular Na concentrations and prevents osmotic 
swelling and lysis. Because of its asymmetric distribution over the cellular surface 
of marginal cells, Na-K-ATPase is also thought to create the driving force for 
transepithelial movement of cations, solutes, and water, thereby controlling the ionic 
composition of the marginal cells and indirectly, that of endolymph (2,3,21). 
Reduction of Na-K-ATPase activity in the stria vascularis should result in marginal 
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cell accumulation of Na and CI, loss of K, and the osmotic uptake of water, con­
comitant with cellular swelling This is in contrast with the observed marginal cell 
shrinkage It might be hypothesized that reductions in Na-K-ATPase activity in the 
stria vascularis in the absence of adrenal stimuli, not only prevent marginal cells 
from volume maintenance, but also induce shifts in endolymph osmolanty, which 
would cause water retention via the apical surface of the marginal cells 
No significant changes were observed in the volume densities of the intermedi­
ate cells or basal cells of the apical and basal stria in the ADX animals as compared 
to SHAM animals Intermediate cells and basal cells are thought to aid marginal 
cells in osmoregulating the stria vascularis (22) Possibly, these cells initially 
endured volume changes after removal of the adrenal steroids, but were able to 
adapt and compensate to such more than marginal cells Alternatively, intermediate 
cells and basal cells may not readily respond to the presence or absence of adrenal 
stimuli, because they lack adrenocorticoid receptors and/or possess smaller concen­
trations of the Na-K-ATPase enzyme Such findings indicate that cell types of the 
stria vascularis do react differently and can react independently 
The volume density of intercellular space in ADX animals was higher when 
compared to that of SHAM animals in both the apical and basal regions although it 
comprised only a very small portion of the total stria vascularis Increased intercel­
lular space has been used in the past as an indication of disturbed ionic homeostasis 
in the cellular environment ot the stria vascularis and may be attributed to the dis­
ruption of ion transport into the cochlear duct Intercellular space has been observed 
in the stria vascularis after administration of bumetanide (23), ethacrynic acid (24), 
mannitol (25) and after perilymphatic perfusion with ouabain (1) 
The architecture of the stria vascularis is altered in the absence of circulating 
adrenal steroids Because volume is a sensitive indicator of osmoequilibnum within 
a cell, changes in cellular volume of the stria vascularis may have been due to a 
dysequilibnum in normal ion transport, which would cause disruption of the home­
ostasis in the cochlear duct, which may lead, in turn, to functional alterations in 
hearing Further studies are necessary to evaluate the effect of adrenal steroids on 
the stria \ascularis to provide more insight into the role of adrenal steroids in the 
regulation of inner ear homeostasis 
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CHAPTER 5 
PLASMA MEMBRANE MODULATION OF AMPULLAR DARK CELLS 
BY CORTICOSTEROIDS 
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Abstract 
Individual effects of corticosteroids on the ultrastructure of rat ampullar dark 
cells were quantitatively determined. Adrenalectomized rats received subsequently 
either aldosterone or dexamethasone, or only the hormone solvent via mmi-osmotic 
pumps for a period of fourteen days Ampullar tissues of the animals were processed 
for transmission electron microscopy, and standardized regions of ampullar dark 
cells were photographed and morphometncly analyzed Surface density and bound-
ary length of basolateral membrane increased significantly after hormone substitu-
tion with aldosterone, but not after replacement with dexamethasone, as compared 
to animals that received only solvent No significant differences were observed for 
other morphological parameters between the groups. This response of ampullar 
dark cells to aldosterone appears similar to that of principal cells of the collecting 
duct in comparable experimental conditions. These morphological observations 
suggest that the mmeralocorticoid, aldosterone, modulates ampullar dark cell mem-
branes. 
Introduction 
The marginal cells of the stria vascularis and the vestibular dark cells are 
thought to be involved in the microhomeostasis of inner ear fluids (1-5) Endocrine 
control of these ion and fluid regulating epithelid has been implied by several 
authors (6-10). Adrenal hormones are of particular interest since adrenocortico-
steroid receptors have been demonstrated in inner ear tissues (10) and because of the 
effects of adrenal steroids on the Na-K-exchange in various other ion-transporting 
epitheha, especially the nephron (11-13) Recent studies suggested that adrenal 
steroids may also modulate ampullar dark cells First, absence of adrenal hormones 
resulted in a decrease of Na-K-ATPase activity of the dark cells (14) Second, the 
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amount of basolateral membranes of ampullar dark cells, where Na-K-ATPase is 
primarily located, was reduced in adrenalectomized animals (15). Finally, ouabain-
binding studies have shown an increase of Na-K-ATPase sites in ampullae after 
aldosterone treatment (16). Interestingly, all these findings were similar to those 
observed in the collecting duct of the nephron under comparable experimental con­
ditions (12,17-20). 
This present study was performed to elucidate if the reduction of ampullar dark 
cell basolateral membranes that was observed in absence of all adrenal hormones 
could be restored by replacement of individual classes of corticosteroids. Therefore, 
ampullar dark cells of adrenalectomized animals that were administered doses of 
either aldosterone or dexamethasone were morphometricly analyzed. A high physi­
ological dose of aldosterone (25 |Jg/100g/day) was utilized to increase the sensitivity 
of the experiment since the extent of basolateral membrane amplification of princi­
pal cells in the collecting duct has been shown to be positively correlated with 
increasing plasma levels of aldosterone (17). A similar dose of dexamethasone (25 
|ig/10()g/day) was used. Possible cross-over binding of aldosterone to typical dexa­
methasone receptors (type II) or the binding of dexamethasone to classical aldos­
terone receptors (type I) was assumed to be minimal, because the steroid receptor 
cross-over affinities in vivo in other typical ion transporting epithelia have been 
determined previously to be low (21,22). 
Materials and Methods 
Nine healthy, pigmented male Long Evans rats (Charles River, Wilmington, 
MA. 175-225 gram), were anesthetized intramuscularly with ketamine hydrochlo­
ride (88.0 mg/kg body weight, Parke-Davis, Morris Plains, NJ) and xylazine (13.0 
mg/kg body weight, Mobay Corp., Shawnee, KA). Animals were bilaterally 
adrenalectomized (ADX) using a previously described surgical procedure (15). 
Rats were again anesthetized in a similar manner as above 14 to 22 days after 
adrenalectomy, equally divided into three groups that were given either aldosterone 
(ADX/ALDO Group) or dexamethasone (ADX/DEX Group) or only the hormone 
solvent propylene glycol (ADX/PG Group). Agents were administered through a 
mini-osmotic delivery pump (Alzet model 2002, Alza Corp., Palo Alto, Ca) 
implanted subcutaneously above the lumbar spine. Each pump provided a constant 
delivering rate for fourteen days. The ADX/ALDO Group received 25 μg/100g/day 
of aldosterone (Sigma Chemical Company, St. Louis, MO) dissolved in propylene 
glycol. The ADX/DEX Group received 25 |ig/100g/day of dexamethasone sodium 
phosphate (Quad Pharmaceuticals, Indianapolis, IN) in water. The ADX/PG Group 
received only the hormone solvent, i.e., propylene glycol. All animals received 
0.9% saline and Purina laboratory chow ad libitum. 
Animals were sacrificed fourteen days after pump implantation. Ampullar tis­
sues were processed for transmission electron microscopy as previously described 
(23). Two randomly chosen ampullae per animal were used. The first five dark 
cells on both utricular side and canal side of a mid-region of the crista ampullaris of 
each ampulla were photographed and morphometricly analyzed, according to a pre-
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viously described method (23). The following parameters were determined: baso-
lateral dark cell membrane surface density (μπιΥμπι1), dark cell basolateral mem­
brane boundary length per baseline length (μπι/μτη), volume density of intercellular 
space between dark cells (μιτιΥμπι1), and volume density of vacuoles within dark 
cells (цтУцт'). In addition, the dark cell area per baseline length (μπτ/μπι) for the 
first five dark cells on both sides of the crista ampullans was determined using a 
point count method (24). Experimental groups were statistically compared by inde­
pendent Student's t-tests. Serum levels of aldosterone, corticosterone (MetPath, 
Rockville, MD) and dexamethasone (Hazleton, Vienna, VA) of animals from each 
experimental group were determined. 
Results 
Ampullar dark cells of adrenalectomized (ADX) animals that subsequently 
received either aldosterone or dexamethasone, or only the hormone solvent, i.e., the 
ADX/ALDO, ADX/DEX, and ADX/PG Groups, respectively, showed no remark­
able qualitative differences in ultrastructure (Fig. 1). However, when the morpho­
logical characteristics of the dark cells were quantified, significant differences in 
basolateral membrane surface density (Sb) and basolateral membrane boundary 
length per baseline length (Lb) of the ampullar dark cells among the ADX/ALDO, 
ADX/DEX and ADX/PG Groups were observed. The Sb of animals from the 
ADX/ALDO Group increased 27% compared with that of animals from the 
ADX/DEX Group, and increased 17% when compared with that of animals of the 
ADX/PG Group. Such increases were statistically significant (p < 0.05). There was 
a slight non-significant 8% decrease of the Sb in animals from the ADX/DEX Group 
compared with that of animals from the ADX/PG Group (Fig. 2). There was a statis­
tically significant (p< 0.1) 19% increase of the Lb of dark cells in animals from the 
ADX/ALDO Group compared with those from the ADX/DEX Group or the 
ADX/PG Group. The Lb was the same in the ADX/DEX and ADX/PG Groups 
(Fig. 2). 
The volume density of intercellular space between dark cells (μτηΥμιτΓ) was 
nearly constant among the three groups: ADX/PG, 0.17; ADX/ALDO, 0.18; 
ADX/DEX, 0.16. Likewise, the volume densities of vacuoles of dark cells 
иатУцт") among Groups were similar: ADX/PG, 0.035: ADX/ALDO, 0.033; 
ADX/DEX, 0.032. Finally, the dark cell area per baseline length (μπτ/μηι) 
increased 8% in animals from the ADX/DEX Group (7.46) compared with that of 
animals from the ADX/PG Group (6 92), and increased 6% compared with that of 
animals from the ADX/ALDO Group (7.04). Such increases were statistically 
insignificant. 
77 
Fig. ¡. Representative electron micro-
graphs of ampullar dark cell regions from 
adrenalectomized animals that subsequently 
received aldosterone (top left), dexa-
methasone (top right), or only the hormone 
solvent (left). No remarkable qualitative 
differences in ultrastructure were observed 
among dark cell regions from the different 
animal groups. E indicates endolymph; and 
T, transitional cell (uranyl acetate - lead 
citrate staining). 
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f/'j?. 2. Histograms of dark cell basolateral membrane surface density (Sb) (left) and 
basolateral membrane boundary length per baseline length (Lh) (right) of the experimental 
groups of adrenalectomized rats receiving subsequently propylene glycol (ADX/PG Group), 
aldosterone (ADX/ALDO Group), or dexamethasone (ADX/DEX Group). The Sb and Lb of 
animals from the ADX/ALDO Group increased significantly when compared with those of 
the ADX/PG Group or ADX/DEX Group. 
Averaged serum steroid levels of animals from each of the three experimental 
groups are presented in the Table. Serum of animals from the ADX/ALDO Group 
contained high-physiological levels of aldosterone and practically no corticosterone. 
Serum of animals from the ADX/DEX and ADX/PG Groups contained minimal lev­
els of the measured natural adrenal hormones. Serum of animals from the 
ADX/DEX Group contained significant levels of dexamethasone. 
TABLE 
AVERAGED SERUM STEROID LEVELS FROM THE EXPERIMENTAL GROUPS 
Hormone 
Groups* 
Aldosterone 
Pg/nil 
Corticosterone. 
ng/m! 
Dexamethasone. 
ng/ml 
ADX/PG 
ADX/ALDO 
ADX/DEX 
Normalt 
<2s 
1053 
<25 
30-700 
<:s 
<:s 
<25 
100-500 
40.61 
*ADX indicates adrenaleclomizcd. PG. prop\lcne glycol. ALDO, aldosterone: and DEX. dexamethasone 
tNormal values for rat obtained in our laboratorv 
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Discussion 
The surface density of basolateral membranes and basolateral membrane 
boundary length of ampullar dark cells increased significantly when adrenalec-
tomized rais were administered aldosterone. The dark cell basolateral membranes 
of rats that received dexamethasone were not significantly different from those of 
adrenalectomized animals that received only the hormone solvent. These morpho-
logical findings suggest that the mineralocorticoid, aldosterone, modulates the 
amount of basolateral membranes of ampullar dark cells. Similar observations on 
the role of aldosterone on principal cells of the collecting duct were made previously 
under comparable experimental conditions (17,20). Aldosterone was shown to 
induce an increase in number of Na-K-ATPase enzyme sites by amplification of 
basolateral membranes in these nephron parts. An increase of Na-K-ATPase 
enzyme sites has been demonstrated recently also in ampullae of potassium 
depleted, salt loaded, guinea pigs twenty-four hours after the administration of 
aldosterone (16) 
Absence of morphological changes after administration of dexamethasone does 
not exclude an influence of dexamethasone on Na-K-ATPase activity since it has 
been demonstrated that dexamethasone can stimulate the Na-K-ATPase activity 
without increasing the number of enzyme sites in some nephron parts (19). 
Preliminary data from this laboratory suggest that the Na-K-ATPase activity in both 
cochlear and vestibular tissues of adrenalectomized animals increases after adminis-
tration of aldosterone or dexamethasone. 
The dark cell area per baseline length increased, although insignificantly, when 
adrenalectomized animals were administered dexamethasone. Dark cell area mea-
surements were similar in animals that received aldosterone or only the solvent. 
Previously, a non-significant decrease in dark cell volume following adrenalectomy 
was observed (15). The slight increase in dark cell area after dexamethasone admin-
istration accounts for the apparent discrepancy in relative changes of membrane sur-
face density and membrane boundary length of ampullar dark cells from animals 
that received aldosterone when compared with those of the dexamethasone group 
(15,23) The intercellular space between dark cells and the amount of vacuoles in 
dark cells were similar among the three groups. These observations were not sur-
prising since such parameters were not significantly altered by absence of adrenal 
hormones for up to 4 weeks (15). 
Aldosterone binding sites (type I receptor) have been recently demonstrated in 
vitro in the inner ear (10). Type I receptors have been detected also in in-vitro 
preparations of several ion-transporting tissues, such as kidney, colon, urinary blad-
der, salivary glands, and some non-ion-transporting tissues, such as the hippo-
campus and heart (21). However, the type I receptors with in vivo high affinity for 
aldosterone have been only demonstrated in the ion-transporting epithelia (21, 22). 
It has been shown that aldosterone promotes the reabsorption of sodium, which 
otherwise would be excreted in such classical mineralocorticoid target tissues (11). 
Since endolymph is not considered to be an excreted fluid per definition, the 
observed modulation of the basolateral membranes of dark cells by aldosterone is 
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difficult to interpret in that context 
In summary, the present morphological data further support the hypothesis that 
an abnormal hormonal state, whether induced by certain pathological or pharmaco­
logical conditions, may alter cells involved in the ion and fluid homeostasis of inner 
ear fluids, which, in turn, may consequently cause otovestibular disorders 
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Abstract 
Structural changes in the cellular architecture of the stria vascularis in adrcna-
lectomized rats were quantitated by stereological methods after the administration 
of either aldosterone or dexamethasone The volume densities of the differing striai 
components from steroid-administered animals were determined to approximate 
those of sham-adrenalectomi7ed animals in general The increased volume density 
of intercellular space as was observed following adrenalectomy, however, was only 
restored after the administration of aldosterone These data correlate a recovery of 
the cellular architecture of the stria vascularis in adrenalectomized animals with the 
restoration of endogenous levels of adrenal steroids These findings provide further 
information with regard to the effects of varying serum levels of corticosteroids on 
inner ear morphology 
Introduction 
Change in hearing acuity, vertigo, and tinnitus have been reported in certain 
patients with hormonal imbalances (1-5) Certain cases of Meniere's syndrome, for 
example, are presumed to be related to hypoadrenocorticism (1,2) Following the 
administration of whole adrenocortical extract to some patients with adrenal im-
balances, vertigo was improved, tinnitus was relieved, and hearing was restored to 
varying degrees (2) Patients with adrenal cortical insufficiencies have been 
reported paradoxically to have decreased auditory threshold concomitant with an 
increased sensitivity to taste and smell (6) Based upon such clinical findings, fluc-
tuating levels ot endogenous adrenal steroid levels appear related to altered inner ear 
physiology 
Receptors for adrenal steroids were detected previously within cochlear and 
vestibular labyrinthine tissues by specific binding assays (7) To determine whether 
adrenal steroids directly impact upon inner ear microhomeostasis, select inner ear 
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tissues were examined biochemically and morphologically after the removal of 
endogenous adrenal steroids in the rat experimental-animal model via bilateral 
adrenalectomy (8-11). This animal model was created to mimic human adrenal 
insufficiency. A significant decline in the Na-K-ATPase activity in the stria vascu­
laris, spiral ligament, and ampullar dark cells was detected after bilateral adrenalec­
tomy (8,9). In addition, morphological changes have been observed and quantitated 
in the stria vascularis (10) and ampullar dark cells (11) after bilateral adrenalectomy. 
Reestablishment of an endogenous level of only aldosterone after adrenalec­
tomy has been shown recently to restore the more normal appearance ot ampullar 
dark cell morphology (12). The administration of dexamethasone after adrenalec­
tomy had no significant effect on ampullar dark cell morphology. Based upon such 
studies, it can be conjectured that cells of the stria vascularis, particularly marginal 
cells, might respond in a similar manner as ampullar dark cells under identical 
experimental conditions. Therefore, the objective of this investigation was to exam­
ine morphometncly the stria vascularis tissues from post-adrenalectomized animals 
that were administered either aldosterone or dexamethasone. The hypothesis was 
that the structural integrity of cells of the stria vascularis, which were demonstrated 
to be altered in the absence of adrenal steroids, would recover to within normal 
appearance upon the administration of the mineralocorticoid, aldosterone, and/or the 
synthetic glucocorticoid, dexamethasone. 
Materials and Methods 
Twelve healthy Long Evans rats (Charles River, Wilmington, MA; male, 175-
200 grams) were divided into two groups. Animals in both Group 1 and Group 2 
were bilaterally adrenalcctomized as described previously (10,11). On day eight 
post-adrenalectomy, animals were anesthetized intramuscularly with ketamine 
hydrochloride (100 mg per kg body weight) and xylazine (10 mg per kg body 
weight). A mini-osmotic pump (Alzet model 2001, Alza Corp., Palo Alto, CA) was 
implanted subcutaneously above the lumbar spine. Before placement of the mini-
osmotic pumps, they were placed in individual 0.9% saline baths for four hours to 
ensure proper delivery of the given agents at the outset. Animals in Group 1 (n=6) 
were administered aldosterone (25 pg/100g/day; Sigma #A-6628), and animals in 
Group 2 (n=6) were administered dexamethasone sodium phosphate (25 
jig/100g/day, Quad NDC 51309-405-05). Each pump delivered each given agent at 
a rate of 1 μΐ/hr for seven days. All animals received 0.9% saline and Purina labora­
tory chow ad libitum, and were housed in the University of Florida Animal 
Facilities. 
After seven days of administering the described hormones (day fourteen post-
adrenalectomy), animals in the individual groups were anesthetized in a similar 
manner as described previously. Blood samples for steroid levels determination 
(ICN diagnostics) were collected by cardiac puncture Subsequently, each animal 
was intracardially perfused with 24 ml of phosphate buffered saline (PBS: 20 mM 
NaH 2P0 4«H 20 and 42 mM Na2HP04), pH 7.4, followed by 36 ml fixative (2.5% 
glutaraldchyde and 2.0% paraformaldehyde in phosphate buffer). Following decap-
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itation, the temporal bones were quickly removed, and each bulla was opened. Each 
cochlea was perilymphatically perfused with fresh fixative. Cochlcas were stored in 
fresh fixative overnight at 40C, postfixed for two hours in phosphate buffered 1% 
osmium letroxide, pH 7.4, rinsed 3x in PBS, and placed in 5% EDTA at 40C. After 
5 days of decalcification, a midmodiolar cut was performed, and each half cochlea 
was dehydrated in graded concentrations of ethanol, and processed for Epon/Aral-
dite (Polysciences, Warrington, PA) embedding using normal procedures. 
A standardized basal region of the stria vascularis at 80% of the distance from 
the apical end of the basilar membrane was reembedded in Epon/Araldite. Ultra-
thin sections of the stria vascularis perpendicular to the endolymphatic surface of 
the stria vascularis were cut on a Reichert-Jung ultramicrotome with a Diatome 
MT401 diamond knife. Sections were collected on formvar film coated slot grids 
(2x1 mm; Electron Microscopy Sciences, Ft. Washington, PA). Tissues were exam­
ined in a JOEL I00S electron microscope. A montage at a final magnification of 
5338x was formed from a series of micrographs of a cross-section of the basal stria 
vascularis. Strial width, the number of marginal cells across the strial width, the 
volume density of the different strial components, and the radial area of the stria 
vascularis were determined as described previously (13). Analysis of variance 
(ANOVA) was used to statistically compare the different groups. 
Results 
The stria vascularis in the standardized basal region of the cochlear duct of 
adrenalectomized animals, which were subsequently administered either aldos­
terone (Group ADX/ALDO) or dexamethasone (Group ADX/DEX), showed no 
remarkable morphological alterations compared to similar previously examined 
regions from Control, Sham, and ADX Groups (10,13). 
Volume densities of each strial component of the standardized basal region of 
the stria vascularis from animals of the ADX/ALDO and ADX/DEX Groups are 
presented in Table I and Figure 1, as well as those previously obtained for Control, 
Sham, and ADX Groups for purpose of comparison. The volume densities of mar-
TABLE I. 
COMPARISON OF ΜΠΑΝ VOLUME DENSITY OF EACH STRIAL COMPONENT IN THE 
BASAL REGION OF THE STRIA VASCULARIS OF THE DIFFERENT GROUPS BY ANOVA. 
Control 
Sham 
ADX 
ADX/ALDO 
ADX/DEX 
F value 
Ρ value 
(n = 6)* 
(n = 6)** 
(11 = 6 ) * * 
(n = 6) 
(n = 6) 
Marginal 
Cell 
0 478±() 027 
0 422+0 017 
0.380+0 020 
0 43810 032 
0 41510 031 
9 69 
0001 
Intermedíate 
Cell 
0 295±0 029 
0 344±0 026 
0 35210 039 
0 33110 027 
0.34010 042 
2 04 
1056 
Striai Components 
Basal 
Cell 
0 141+0019 
0 14910 023 
0 15910.020 
0 13910 017 
0.15410 016 
1 6« 
1966 
Capillary 
Space 
0 08010.020 
0.08210 010 
0 08810.021 
0 089+0 023 
0 075+0 018 
0 56 
7321 
Intercellular 
Space 
0 00610 011 
0 00110 003 
002110019 
0 003+0 005 
0.016Ю012 
4 76 
.0032 
Vjlucs arc means ± standard dc\ lalions 
Cf rcfcreiKcs ІЗ* and 10 *'" 
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Fig. 1. Histogram of volume densities (V
v
) of individual components of stria vascularis 
from adrenalectomized animals that were administered aldosterone (ADX/ALDO) or 
dexamethasone (ADX/DEX) compared to those from previously examined control, sham-
operated, and adrenalectomized animals. {Cf. references 13* and 10**.) 
ginal cells of animals of the ADX/ALDO Group, the ADX/DEX Group, and the 
Sham Group were similar (Table II). The volume density of marginal cells 
increased by 15% in animals of the ADX/ALDO Group and by 9% in animals of the 
ADX/DEX Group compared to animals of the ADX Group. These increases were 
statistically significant (ANOVA, p<0.05. Table II). The volume density of intercel­
lular space of animals of the ADX/ALDO Group was similar to that observed in ani­
mals of the Sham and Control Groups. The volume density of intercellular space of 
animals of the ADX/ALDO Group decreased by 86% compared to animals of the 
ADX Group; this was significant at the p=0.1 significance level (Table II). The vol­
ume density of intercellular space in animals of the ADX/DEX Group was not sig­
nificantly different from that observed in animals of the ADX/ALDO Group 
(ANOVA, p<0.05. Table II). The volume densities of intermediate cells, basal cells, 
and capillary space were similar between all treated groups. 
Means and standard deviations of the number of marginal cells, strial width 
(μηι), and radial area (μην) of the standardized region in the basal turn of the stria 
vascularis of animals from the ADX/ALDO and ADX/DEX Groups were: 22.0 ± 
1.3, 21.8 ± 2.2; 220.4 ± 14.5, 235.6 ± 14.2; 5107.5 ± 502.2, 5704.0 ± 830.1, respec­
tively. These data were similar to previously measured values from animals of the 
Control. Sham, and ADX Groups (10,13). 
In order to determine whether the impact of surgery in the creation of the ani­
mal model was an important factor, volume densities from both the sham-operated 
animals and control (non-operated) animals were incorporated into the analysis of 
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variance. Although the volume density of intermediate cells was significantly lower 
in animals of the Control Group and the volume density of marginal cells was sig­
nificantly higher in the Control Group compared to the other groups (ANOVA, 
p<0.05), the effects of adrenalectomy plus the administration of the corticosteroids 
were lucid. 
Mean serum aldosterone value and standard deviation for the animals of the 
ADX/ALDO Group were 486± 332 pg/ml. Mean serum dexamethasone and aldos­
terone values of animals from the ADX/DEX Group were 27± 12 ng/ml and 14+ 5 
pg/ml, respectively. Normal rat serum levels for aldosterone were determined to be 
30-700 pg/ml. 
TABLfc II 
FOLLOW-UP ANOVA OF THE SIGNIFICANT DIFFF.RENCES OF THE 
VOLUME DENSITIES (V
v
) OF THE STRIAL COMPONENTS 
BETWEEN DIFFERENT EXPERIMENTAL GROUPS 
Shamvs ADX** 
ADX vs ADX/ALDO 
ADXvs ADX/DEX 
Shamvs ADX/ALDO 
Sham vs ADX/DEX 
ADX/DEX vs ADX/ALDO 
Marginal 
Cell V
v 
p = 0044 
ρ = (KX)8 
p= 0311 
p= 2921 
ρ = 6706 
/>= 1430 
Intercellular 
Space V
v 
p= 0180 
p= 0563 
p= 6055 
/)= 8388 
p= 1048 
p= 2420 
Cf reference 10** 
Discussion 
A striking, distinctive correlation was observed between the reestablishment of 
circulating corticosteroids and the structural integrity of the highly metabolic region 
of the cochlear duct. The volume densities of marginal cells and intercellular space 
in the basal stria vascularis in adrenalectomized animals were shown to approximate 
normal values after administration of the mineralocorticoid, aldosterone. 
Administration of the synthetic glucocorticoid, dexamethasone, at a comparable 
concentration with that of aldosterone also was found to have a similar effect as that 
of aldosterone on the volume density of marginal cells. However, the volume den­
sity of intercellular space of animals that were administered dexamethasone did not 
approximate normal values. The response of the strial marginal cells to the corticos­
teroids appears similar to that of other epithelial cells which have been shown to be 
responsive both morphologically and biochemically to such steroids (14-17). In 
addition, modulation of ampullar dark cells to their normal architecture has been 
measured quantitatively after the administration of aldosterone to adrenalectomized 
rats in a parallel study (12). 
A direct or indirect action of corticosteroids on Na-K-ATPasc in transporting 
tissues, e.g., kidney, in general has been difficult to determine. For example, while 
the variation of steroid levels has been shown to directly regulate Na-K-ATPase 
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activity, corticosteroids can also indirectly alter Na-K-ATPase activity by mediating 
changes in serum Na and К concentrations (18-21) Na and К concentrations can 
independently regulate Na-K-ATPase activity (22,23) Thus, the concise role of 
adrenal steroids on Na-K-ATPase activity remains unclear A direct physiological 
effect of adrenal steroids upon inner ear microhomeostasis that is not mediated by 
serum Na and К concentrations changes may be conjectured since their adrenal 
steroid receptors have been identified within cochlear and vestibular tissues (7) 
Studies of the effects of altered Na and К dietary intake may provide a means to 
delineate primary or secondary actions of adrenal steroids on inner ear Na-K-
ATPasc 
Corticosteroids have been prescribed at times empirically for certain middle 
and inner ear disorders (24-26) Morphological changes in sensory cells ot vestibu­
lar end organs have been described following the experimental administration of 
such steroids (27) The observed consistent, although small, changes identified in 
this study suggest that differing levels of corticosteroids may also modulate the 
structural integrity of the stria vascularis Future studies, especially of the func­
tional effects of such steroids on hearing and equilibrium, appear warranted to fur­
ther delineate the association between adrenocortical hormones and inner ear 
physiology 
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CHAPTER 7 
THE PLANUM SEMILUNATUM OF THE RAT 
New Light and Electron Microscopy Observations 
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Abstract 
Planum semilunatum (PSL) cells of the rat ampullae were studied by light, 
transmission, and scanning electron microscopy. The observed ultrastructure of rat 
PSL cells was similar to that described in other species, but is in disagreement with 
earlier reports of rat PSL cells, most probably because of previous divergent defini-
tions of the PSL. Regions of PSL cells were easily distinguished from other nonsen-
sory epithelia at the lateral ends of the crista ampullaris The PSL region consisted 
of irregular-shaped columnar to cuboidal pentagonal or hexagonal cells that inter-
digitated with one another by lateral membrane infoldings In the PSL region the 
subepithelial reticular layer appeared thickened and formed wartlike impressions in 
the basal surface of PSL cells. These morphological characteristics of the subepi-
thelial reticular layer were unique to the PSL region in the ampulla and may reflect 
special adaptations of the PSL region to mechanical stress Furthermore, the thick 
subepithelial reticular layer may have implications for transport across the PSL 
region 
Introduction 
Definition of the planum semilunatum (PSL) over the years has been rather 
broad The PSL was originally described by Steifensand in 1835 as the "halbmond-
förmige Flache der Ampullenhaut, wo der verschmalemde Rand des Septum sich an 
die Seitenwande ansetzt" ( 1 ). Nonetheless, several authors considered all special-
ized, secretory cells surrounding the crista ampullaris as constituting the PSL (2-5). 
Later, Dohlman (6,7) and Kimura et al (8) emphasized the distinct morphological 
differences among nonsensory epithelial cells of an ampulla Hence, the specialized 
epithelium at the lateral ends of the crista ampullaris was designated as the PSL 
(Fig 1 ) The ultrastructure of the PSL cells, however, remains an area of confusion 
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in recent literature. PSL cells have been described as being similar morphologically 
to dark cells and also to transitional cells (9). 
Lateral end 
Lateral end 
Fig. I. Diagram of different cell regions within ampulla. Region of planum semilunalum 
(PSL) cells is located at each lateral end of crista ampullaris (CA). DC - dark cells. SSC -
sensory supporting cells, Τ - transitional cells. 
The PSL has been studied in several species, e.g., pigeon (7), guinea pig (8), 
squirrel monkey (10), and rat (11-13). PSL cells were uniformly described as partly 
columnar or cuboidal with their lateral membranes interdigitating with adjacent 
cells. Aberrantly, the ultrastructure of rat PSL cells was described as containing 
many infoldings on the basolateral cell membranes (11-13). Furthermore, the 
descriptions of the cytoplasm of the rat PSL cells differed considerably from that of 
PSL cells from the other species studied. Unlike PSL cells of the other species, the 
descriptions of rat PSL cells closely matched descriptions of other ion and fluid 
transporting cells, such as renal tubule cells and ciliary epithelial cells. Consequent­
ly, some authors inferred a primary role of PSL cells in the microhomeostasis of 
inner ear fluids (11-13). 
It is not clear as of now whether the apparent morphological differences of rat 
PSL cells as compared to those of other species are a result of an interspecies varia­
tion or due to differing past definitions of the PSL. Morphological characteristics of 
rat PSL cells and other nonsensory epithelia of the rat ampulla, as classified by 
Dohlman (6,7) and Kimura et al (8), were studied to address this important issue. 
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Materials and Methods 
Albino Sprague Dawley rats (Animal Farm, University of Florida, Gainesville, 
FL, male, 250-300 grams) and pigmented Long Evans rats (Charles River, 
Wilmington, MA, male, 250-300 grams) were intramuscularly anesthetized with 
Ketalar (88 0 mg/kg body weight, Parke-Davis, Morns-plains, NJ) and Rompun 
(13 0 mg/kg body weight, Mobay Corp , Shawnee, KA). Each animal was infused 
via cardiac puncture with 25 ml of cacodylate buffer, pH 7.4, followed by 36 ml of 
fixative (2 5% glutaraldehyde, 2 5% paraformaldehyde m cacodylate buffer). 
Temporal bones were removed following painless decapitation and each bulla was 
opened The bony labyrinth overlaying the posterior wall of the utricle and superior 
and lateral ampullae was removed, and fresh fixative was gently perfused onto the 
vestibular end organs Each specimen was submerged in fresh fixative for one addi­
tional hour, rinsed three times in cacodylate buffer, and post-fixed for one hour in 
cacodylate buffered 1% osmium tetroxide, pH 7 4 Temporal bones were rinsed 
three times in cacodylate buffer and dehydrated in graded concentrations of ethanol 
up to a concentration of 70%. Ampullar tissues of the superior, lateral, and posterior 
semicircular canals were carefully dissected and removed with the aid of a binocular 
dissecting microscope The individual ampullar tissues were completely dehy­
drated All tissues were maintained at 4°C during processing 
Half of the ampullar tissues from each animal were embedded in Epon/Araldite 
epoxy resin (Polysciences, Warrington, PA) by means of routine procedures. The 
ampullar tissues were sectioned at varying angles on a Reichert-Jung ultramicro-
tome with a Diatome MT401 diamond knife, and thick (1 |im) and ultra-thin (70 
nm) sections of the PSL and other nonsensory epithelia of the ampulla were 
obtained Thick sections were stained with methylene blue and observed under a 
Zeiss Axiophot Light Microscope Ultra-thin sections were stained with uranyl 
acetate and lead citrate, and examined in a JOEL 100S Transmission Electron 
Microscope. 
The other half of the ampullae were dried in a Denton DCP-1 Critical Point 
Dryer, with carbon dioxide employed as the transition fluid Following drying, 
specimens were mounted on scanning electron microscope stubs, and coated with 
gold-palladium in a Technics Hummer I sputter-coater. Tissues were studied in a 
JOEL JSM-35C Scanning Electron Microscope. 
Results 
Light and Τιansmission Election Mitioscopv Regions of planum semilunatum 
(PSL) cells were identified in each ampulla at the lateral ends of a crista ampullans. 
Cells of the PSL most adjacent to the sensory supporting cells of the crista 
ampullans were columnar to cuboidal in shape. PSL cells appeared more flattened 
further away from a crista, and they were finally replaced by squamous epithelial 
cells towards the ampullar roof (Fig 2). The transition between PSL cells and sen­
sory supporting cells was gradual, as was the transition from PSL cells to cells of the 
ampullar roof The PSL cells were interdigitated with one another by lateral infold-
97 
2ομ™ ^ ^:J*'~ \ Ä 
Fig. 2. Photomicrograph of lateral end of ampulla (light microscopy, methylene blue 
stain). Boundary between sensory supporting cells of crista and planum semilunatum region 
near crista ampullaris, and boundary between planum semilunatum region and squamous 
epithelial lining cells near ampullar roof are indicated by arrows. Cells of planum 
semilunatum were observed to be columnar or cuboidal in shape near sensory supporting 
cells, and to be more flattened in appearance toward ampullar roof. E - endolymph. 
ings. Junctional complexes and desmosomes were observed along the lateral mem-
branes of the PSL cells. Many junctionlike contacts were observed between the 
basal membrane of the PSL cells and the basal lamina. The basal cell membrane did 
not form infoldings. A continuous basal lamina together with the subepithelial 
reticular layer was undulating in appearance and formed wartlike impressions in the 
basal part of the PSL cells. The subepithelial reticular layer was thick (4-9 |im) and 
was composed of many longitudinal and transverse filaments. Occasionally, cyto-
plasmic processes of PSL cells protruded into the thick subepithelial reticular layer 
(Fig. 3 and Fig. 4). 
The nuclei within PSL cells were circular to oval in appearance and were 
basally or centrally located. Each nucleus contained predominantly euchromatin. 
Small mitochondria, rough endoplasmic reticulum, prominent golgi complexes, and 
lysosomes were seen in the cytoplasm of the PSL cells. Dark and light granules and 
several vesicles were observed in the apical cell part of each PSL cell (Fig. 3). 
The fibrous tissue underlining the PSL contained capillaries, while nerves and 
melanocytes were absent. Between the albino and pigmented animals no differ-
ences in the ultrastructure of PSL cells were observed by light and transmission 
electron microscopy . 
PSL cells were distinct from ampullar dark cells that were located on the canal 
and utricular side of a crista ampullaris, and that appeared also characteristically 
OS 
Fig. 3. Representative electron micrograph of region of planum semilunatum ceils (uranyl 
acetate and lead citrate stain). Distinctive features of planum semilunatum cells were lateral 
plasma membrane infoldings, undulating contours of basal membrane, and thick 
subepithelial reticular layer. Cytoplasmic process can be seen to protrude into subepithelial 
reticular layer (RL; left). Arrows - intercellular space between lateral plasma membrane 
infoldings, E - endolymph. 
more electron-dense and contained many basolateral plasma membrane infoldings 
(Fig. 5A). Conversely, similar morphological characteristics were observed in cells 
of the PSL and those in the transitional regions. For example, both cell types were 
columnar to cuboidal in shape and interdigitated with lateral infoldings; in both, 
junctionlike contacts were present between the basal lamina and basal cell mem-
brane. The thick reticular layer with modifications like those observed in the PSL 
region was noticeably absent in the transitional cell region (Fig. 5B). 
Scanning Electron Microscopy. Individual cells of the PSL regions at the lat-
eral ends of each crista ampullaris appeared as irregular-shaped pentagonal or 
hexagonal cells. Few short microvilli were observed on the uneven, slightly convex 
apical surfaces of the PSL cells. The PSL cells were easily distinguished from the 
ampullar dark cells, transitional cells, ampullar roof cells, and sensory supporting 
cells. Rows of microvilli along the cell linings were typical for cells of the transi-
tional cell region. Dark cells were distinct because the apical surface contained 
many microvilli, and otoconia were distributed over the dark cell region, although 
not each individual dark cell contained otoconia on its surface. Rows of microvilli 
and otoconia were absent on PSL cells (Fig. 6). The ampullar roof cells appeared as 
regular-shaped elongated cells, and the sensory supporting cells contained many 
short and long microvilli. 
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Fig. 4. Electron micrograph of 
basal portion of planum semi­
lunatum cell. Cytoplasmic pro­
cess is observed to be extending 
into subepithelial reticular layer 
(RL). Junctionlike contact 
(arrow) is observed between 
basal cell membrane and basal 
lamina. (Inset) Higher magnifi­
cation of two junctionlike con­
tacts. 
Fig. 5. Representative electron micrographs of A) ampullar dark cell region and B) 
ampullar transitional cell region. Dark cells were observed to be polarized. Whereas 
innumerable plasma membrane infoldings were located basolaterally, vacuoles and nucleus 
were located more apically. Transitional cells had many morphological characteristics 
similar to those of cells of planum semilunatum. However, subepithelial reticular layer of 
transitional cell region appeared relatively thin compared to that of planum semilunatum 
cells, and it did not have undulated appearance observed in planum semilunatum cell region. 
E - endolymph. 
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F/^. 6. Representative scanning electron micrographs of A) planum semilunatum cells, B) 
transitional cells, and C) ampullar dark cells. Cells of planum semilunatum were irregularly 
shaped, and only few microvilli were observed on their endolymphatic surfaces as compared 
to transitional cells and dark cells. Otoconia were observed routinely on apical surfaces of 
dark cells. Bars - 2 μιη. 
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PSL regions were bordered by: 1) dark cells and transitional cells on both the 
canal and utricular sides of the ampulla, 2) vestibular squamous epithelial lining 
cells towards the ampullar roof, and 3) sensory supporting cells toward the crista 
ampullaris. The transition from PSL cells to the ampullar dark cells was abrupt. 
The change from PSL cells to the transitional cells, sensory supporting cells, and 
roof cells was less precipitous. As with light and transmission electron microscopy, 
no differences were observed by scanning electron microscopy between PSL cells 
of the albino animals and those from pigmented animals. 
Discussion 
Cells of the rat planum semilunatum (PSL) and other nonsensory epithelia of 
the rat ampulla were observed in this study to be distributed according to the classi-
fication of Dohlman (6,7) and Kimura et al (8) (Fig. 1). Regions of PSL cells were 
easily distinguished from other nonsensory epithelia at the lateral ends of the crista 
ampullaris. Individual rat PSL cells can be best described as being irregular-shaped 
cells that vary in cell height and that form mainly lateral cell membrane infoldings. 
In addition to the distinct cell shape irregularity of the PSL cells, there were 
other remarkable morphological characteristics of the rat PSL tissues. These 
included the undulated subepithelial reticular layer and basal lamina that formed 
wartlike impressions in the PSL cells. There were many junctionlikc contacts 
between the basal lamina and basal cell membrane. The subepithelial reticular layer 
was distinctly thick, and individual processes of a PSL cell extended occasionally 
into clefts of the subepithelial reticular layer. 
Interpretation of the role of this uniquely shaped thick subepithelial reticular 
layer remains speculative. In general, one function of connective tissue is to main-
tain the structural integrity of tissues. Similarly, the subepithelial reticular layer of 
connective tissue is thought to play a supportive role (14). The protrusions of the 
subepithelial reticular layer into PSL cells increase the contact area between PSL 
cells and subepithelial reticular connective tissue. This phenomenon of enlarged 
contact area between epithelium and connective tissue is thought to strengthen the 
junction between these two layers, since it has been typically observed in tissues 
that are under mechanical stress, e.g., skin and gingiva (15). In these epithelia the 
subepithelial connective tissue forms papillae that protrude into the epithelial layer. 
Presence of these modifications of the basal lamina and reticular layer mainly in the 
PSL region may therefore suggest that PSL cells are under higher mechanical stress 
than other nonsensory cells. Mechanical stress on the PSL region may be due to its 
anatomic position between the solidly anchored crista ampullaris and the "free" thin 
layer of roof cells. 
Another possible role of the subepithelial reticular layer of the PSL may be the 
mediation of transport processes. The thick reticular layer may slow transport of 
substances, since the travel distance for their diffusion would be increased. 
Furthermore, the thick reticular layer may inhibit rapid washout of substances 
because the close approximation of capillaries is prevented. 
The ultrastructure and distribution of the individual rat PSL cells appeared simi-
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lar to those of the PSL cells in other animal species (7,8,10,16), although the dark-
stained granules in the rat PSL cells were not as predominant as in the guinea pig 
and squirrel monkey (8,10). Observations of the rat PSL in this study are in marked 
contrast with former reports on the ultrastructure of the rat PSL cells (11-13). 
Earlier studies described the rat PSL cells as being polarized: an apical zone that 
contained the nucleus, many vesicles and vacuoles, and a basal zone that consisted 
mainly of double layered parallel membranes perpendicular to the basal lamina. 
Such original descriptions of the rat PSL cells closely resemble descriptions of 
ampullar dark cells as observed in the present and previous studies (8,17). 
Theoretically, the dissimilarity between the earlier observations and the present 
ones may be due to a different orientation of the ampullae in the sectioning process 
or to the use of either albino or pigmented rats in the different studies. The original 
observations could not be reproduced, however, when the ampullar tissues of albino 
and pigmented rats were sectioned at various angles in this study. It is more plausi-
ble that previous reports on the ultrastructure of the rat PSL cells were based on a 
definition of the PSL that included the cell population of ampullar dark cells. 
The function of PSL is unclear. Based on the original morphological descrip-
tions of rat PSL, a role in fluid and ion transport has been inferred (11-13). 
Observations of this study, however, demonstrated that rat PSL cells contain mini-
mal amplification of plasma membranes and only a few mitochondria as compared 
to ampullar dark cells. In this respect the ampullar dark cells seemed more active in 
ion and fluid transport than do PSL cells. The presence of small vesicles and promi-
nent golgi complex of PSL cells may indicate secretory activity. Tracer experiments 
have suggested the secretion of sulphomucopolysacharides into interfibrillar spaces 
of the cupula by PSL cells ( 18). Certainly, study of a homologous population of 
PSL cells is necessary in order to delineate their functions. Correct uniform classifi-
cation and careful anatomic description provide the bases for further evaluation of 
these cells. 
In conclusion, this morphological study demonstrates that the ultrastructure of 
the rat PSL cells is morphologically similar to that of the PSL cells of other species as 
observed by light, scanning, and transmission electron microscopy. Special modifi-
cations of the subepithelial layer were observed in the PSL region and their possible 
roles were identified in relation to tissue integrity and fluid microhomeostasis. 
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Abstract 
A monoclonal antibody, BuGR^, to liver glucocorticoid receptor sites was 
tested for its reactivity and specificity in inner ear tissue supernatants by an Enzyme 
Linked Immuno Sorbant Assay (ELISA) and a Western blotting technique. Results 
demonstrated that this antibody specifically recognized a protein of 93 kDa in inner 
ear supernatant fractions, which conformed to the reported molecular weights of the 
glucocorticoid receptor in other tissues. Antigenic sites were determined to be 
higher within cochlear supernatant fractions compared to vestibular supernatant 
fractions by ELISA. This anti-glucocorticoid receptor antibody combined with the 
quantitative ELISA provides a sensitive means to further investigate the inner ear 
glucocorticoid receptor system. 
Introduction 
High concentrations of glucocorticoid receptor sites have been demonstrated in 
both cochlear and vestibular tissues with in vitro binding studies using radio-labeled 
dexamethasone (1). Despite current knowledge about the functions and action 
mechanisms of glucocorticosteroids in other organ systems, little is known about 
actions of glucocorticoids on the inner ear. 
In general, the function of glucocorticoids, "the stress hormones", is to adapt 
the organism to stress of several kinds. Actions of glucocorticoids include catabolic 
effects on fat, protein, and carbohydrate metabolism. Other actions of glucocorti-
coids include effects on immune and inflammatory responses, ion-transport, and 
central nervous system neurons. The effects of glucocorticosteroids are tissue spe-
cific and not uniform (2). Glucocorticoids exert their actions primarily by binding to 
their cytoplasmic receptors that are present in most mammalian cells (3). The hor-
mone-receptor complex enters the nucleus where it interacts with specific DNA 
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sequences This complex leads to the transcription induction of certain genes and 
can also affect the posttranslational modification of gene products. Therefore, glu­
cocorticoids can increase levels, for example, of certain metabolic enzymes, 
immunosuppressive proteins, etc. (4). 
Study of the distribution of the glucocorticoid receptor in the inner ear and the 
response of the inner ear glucocorticoid receptor system to experimental conditions, 
e.g , noise exposure, may lead to better understanding of the role of the glucocorti­
coids in the inner ear. The use of ligand binding studies, however, has been limited 
because of the small quantities of the individual ear tissues. The availability of 
mouse monoclonal anti-glucocorticoid receptor antibodies (5) potentially provides a 
more sensitive means to study the inner ear glucocorticoid receptor system. These 
"BuGR" antibodies have been extensively characterized (6) and have successfully 
been used in several immunochemical studies of the glucocorticoid receptor (6-8). 
The BuGR antibodies have been shown to recognize a DNA binding domain of the 
classical, high affinity dexamethasone, type II glucocorticoid receptor site (9,10). 
Glucocorticoid receptor subtype IB has been demonstrated to be recognized also by 
the BuGR antibodies (II) while the high affinity corticosterone type I receptor in 
hippocampus and the mineralocorticoid receptor in kidney have not been recognized 
by the BuGR antibodies (12,13). 
The present study was performed to explore if these anti-glucocorticoid recep­
tor antibodies could be used to further study the inner ear glucocorticoid receptor 
system. The reactivity and specificity of the BuGR anti-glucocorticoid receptor 
antibodies lor inner car tissues, therefore, were determined. 
Materials and Methods 
Piepaiation of Inner Eai Supernatant Fi actions Male Long-Evans rats 
(Charles River, Wilmington, MA, 175-250 grams) were anesthetized intramuscu­
larly with ketamine hydrochloride (100 mg/kg body weight, Parke-Davis, Morns-
Plains, NJ) and xylazine (10 mg/kg body weight, Mobay Corp., Shawnee, KA) and 
decapitated Temporal bones were rapidly removed and placed in ice-cold phos­
phate buffered saline (PBS); 0.0IM Na2 HP0 4 , 0.15M NaCl, pH 7.4. Whole 
cochlear membranous labyrinthine tissues and whole vestibular membranous 
labyrinthine tissues of individual animals were dissected (Fig. 1, Step 1) and were 
placed separately in microtissue grinders (Wheaton, Milleville, NJ) containing 200 
μΐ of PBS. Tissues were homogenized (Fig. 1, Step 2) by grinding for 3 minutes and 
subsequently sonicating for 15 seconds (Microson Ultrasonic Cell Disrupter, Heat 
Systems Ine , Farmingdale, NY). Nuclear glucocorticoid receptors were extracted 
(Fig. 1. Step 3) in 0 5M KCl in PBS containing ImM dithiothreitol (DTT) and 0 IM 
sodium molybdate (NaT M0O4) for 20 minutes on ice (14). Homogenates were 
diluted to 0 28M KCl in PBS containing ImM DTT and 0.1 M Na2 Mo04, and cen-
trilugcd at 100,000 g (Beekman SW 50.1 swinging bucket rotor. Beekman L7-65 
Lllracentnfuge. Beekman Instruments Inc., Palo Alto, CA) for 1 hour at 40C (Fig. 1, 
Step 4). Supernatants were collected to obtain the "supernatant fractions of cochlear 
or vestibular membranous labyrinthine tissues" (Fig. 1, Step 5). An aliquot of each 
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supernatant fraction was taken for protein determination before storage at -80oC 
Individual amino acid content was determined by ion exchange chromatography 
(15) (Protein Core Facility, University of Florida). The concentration of individual 
amino acids in moles was used to calculate the concentration in ng/μ] in the super­
natant sample of each amino acid. These individual amounts were totaled to obtain 
an estimation ol the protein concentration of each supernatant sample. 
Enzyme LinkedImmuno Sorbant Assay (ELISA) The ELISA was performed 
with cochlear and vestibular supernatant fractions of five individual animals 
Supernatant fractions were diluted to a final concentration of 4ng protein/μΐ with 
0 28M KCl in PBS containing ImM DTT and 0 IM Na2 M0O4. Aliquots of 100 μΐ 
were coated on ELISA plate wells (Falcon Micro Tests III, Fisher Scientific, USA) 
while shaking overnight at 40C (Fig. 1, Step 6). Wells were washed (four times with 
200μ1 PBS) and blocked with 1% bovine serum albumen (BSA) in PBS for 1 hour at 
room temperature followed by a similar wash. Subsequently, wells were incubated 
with 120μ1 PBS (1% BSA) containing serial concentrations (0-3 ng IgG/μΙ) of mon­
oclonal anti-liver glucocorticoid receptor antibody (BUGRT culture supernatant, 
donated by Dr. R.W. Harrison, University of Arkansas) for two hours while shaking 
at 40C (Fig 1, Step 7). Wells again were washed and incubated with 140 μΐ 1 %BSA 
in PBS containing 0 75 ng IgG/μ] horseradish peroxidase (HRP) labeled goat anti-
mouse antibody (#62-6520, Zymed, San Francisco, CA) for 1 hour on a shaker at 
4CC (Fig. 1, Step 8). Wells were washed and an HRP substrate, orthophenylenedi-
amme (OPD), was added (Fig. 1, Step 9). After a 15 minute incubation at room 
temperature, the color reaction was halted by adding ION sulfuric acid to a final 
concentration of 2N. Optical density (O D.) in the wells was determined in an 
ELISA reader (EL310, Bio-Тек Instruments Inc., Winoosky, VT) at 490 nm. All 
measurements were made in duplicate. Background binding to the wells at different 
antibody concentrations was determined by assaying wells without coated inner ear 
antigens in parallel Non-specific binding of primary and secondary antibodies to 
inner ear supernatant fractions was determined by using similar concentrations of a 
monoclonal antibody to relaxin (donated by Dr. L. Larkm, University of Florida) 
instead of that to the glucocorticoid receptor. Finally, anti-glucocorticoid receptor 
antibodies that were pre-absorbed with liver supernatant were assayed for reactivity 
with inner ear supernatants. Immunoglobulin concentration of the monoclonal anti­
bodies were determined b) radial immunodiffusion assay (Binding Site, San 
Francisco, CA). Data were loaded onto a spreadsheet program (Quatro Pro, Borland 
Int. Inc.. Scotts Valley, CA) and O.D. readings were plotted as a function of anti­
body concentration ("antibody curve"). In a later stage of this study, protein 
amounts of the supernatant fractions of cochlear and vestibular tissues, ranging from 
0 ng/μΐ to 4 ng/μ], were assayed with previously determined saturating levels of anti-
glucocorticoid receptor antibody and data were plotted ("antigen curves"). 
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STEP 1 . Dissection of inner ear tissues. 
STEP 2. Homogenization. 
S T E P 3. Extraction of nuclear glucocorticoid receptor sites. 
S T E P 4. Centrifugation at 100,000g; 1 hour. 
S T E P 5. Collection of "Inner ear supernatant fraction". 
А Л Л ± 
А Л Л 
ЛЛ Л 
S T E P 6. S T E P 7. S T E P 8. S T E P 9. 
Inner ear supernatant Incubation with mono- Incubation with HRP- Incubation with HRP 
antigens coated on clonal anti-glucocorticoid labeled goat anti-mouse substrate, OPD. 
wells (solid phase). receptor antibodies. antibodies. 
Fig. 1. Schematic representation of the immunochemical protocol applied to detect inner 
ear glucocorticoid receptor sites. 
Western Blotting. Inner ear supernatant fractions of combined labyrinthine tis­
sues were prepared as described above. Inner ear tissues from three animals were 
pooled together and samples were concentrated by centrifuging over a semiperme­
able membrane (Centricon 30, Amicon, Beverly, MA). The concentrated samples 
were boiled and the polypeptides separated by SDS-PAGE (10%). Molecular 
weight standard markers (Bethesda Research Laboratories, Gaithersburg. MD) 
including 196 kDa, 105 kDa, 71 kDa, and 18 kDa were run in parallel. Proteins 
were transferred in 0.7M glycine, 25mM Tris, pH 8.3, to nitrocellulose at 50 mA 
during 4 hours. After electrophoresis, the nitrocellulose was blocked with 1% 
gelatin (Biorad, Richmond, CA) in blot buffer (0.15M NaCI, lOmM Tris-HCI, pH 
7.4). Blots were incubated overnight on a shaker at 40C in 0.2 ng IgG/μ] anti-gluco­
corticoid receptor antibody in blot buffer containing 0Ac/c BSA. The nitrocellulose 
was washed twice for 5 minutes in blot buffer followed by two washes of 10 
minutes each in blot buffer containing \% NP40 and subsequently by two 5 minutes 
washes in blot buffer. Blots were incubated overnight at 40C with 2ng IgG/μΙ 
1
 Ί-labeled goat anti-mouse antibodies (Sigma Chemicals, #M 8642, St Louis, MO), 
radioactive concentration ± 7 χ IO4 cpm/ml, in blot buffer containing 0.4% BSA. 
Subsequently, nitrocellulose was rinsed in blot buffer four times for 5 minutes each, 
blotted dry and covered with saran wrap. The blot was exposed to film (Kodak 
XAR-5 film, Eastman Kodak Companies, Rochester, NY) and developed after 48 
hours. 
i l l ! 
Results 
ELÌSA. Average curves from five individual cochlear and vestibular optical 
density (O.D ) curves, observed when a range of anti-glucocorticoid receptor anti-
body concentrations were assayed in wells that were coated with 100 μ] of 4 ng pro-
tein/μ] supernatant fraction, are presented in Fig. 2. Increasing concentrations of 
anti-glucocorticoid receptor antibodies corresponded to increased O.D. measure­
ments up to an antibody concentration of 1 0 ng IgG/μ]. Further increase in anti­
body concentration did not lead to an increase in O D. readings. Average O.D 
values of the five cochlear fractions and vestibular fractions were, respectively, 0.31 
+ 0.04 (s.d) and 0.30 ± 0.04 (s.d) at 0.13 ng IgG/μΙ BuGR2, 0.41+0 04 (s d) and 
0.37 ± 0.05 (s.d) at 0.26 ng IgG/μΙ BuGR2, 0 50 ± 0.06 (s.d)'and 0.43 ± 0.06 (s.d) at 
0.52 ng IgG/μΙ BuGR2; 0.60 ± 0 09 (s d) and 0.52 + 0.1 (s.d) at 1.0 ng IgG/μΙ 
BuGR2; 0.60 ± 0 08 (s.d) and 0.53 ± 0.11 (s.d) at 2 1 ng IgG/μΙ BuGR2. The O.D. 
readings for the cochlear fraction at saturation were significantly higher (15%) than 
those observed for vestibular supernatant fractions, paired difference t-test, p<0.02. 
Background binding (no antigen in wells) was found to be low and to increase with 
increased antibody concentration without saturating (Fig. 2) Non-specific binding 
(anti-relaxm antibody instead of anti-glucocorticoid receptor antibody) was deter­
mined to be 0 16 O.D. up to 10 ng/μΐ anti-relaxin antibody. When inner ear fractions 
were incubated with anti-glucocorticoid receptor antibodies that were pre-absorbed 
with liver supernatant, the ELISA yielded O.D. readings similar to background. 
When increased concentrations of supernatant fractions of cochlear or vestibu­
lar tissues were incubated with a surplus of anti-glucocorticoid receptor antibody 
(antigen curves), a linear increase in О D readings was observed over the super­
natant protein concentration range of approximately 0 to 4 ng/μΐ. Linear regression 
curves of representative O.D. readings from cochlear and vestibular fractions of an 
animal are shown in Fig. 3. The R' for the linear regression curves were 0.95 and 
0.98 for cochlear and vestibular fractions, respectively. 
The protein concentrations as determined by amino acid analysis of the inner 
ear supernatant fractions ranged from 40 to 69 ng/μΐ and from 8 to 20 ng/μΐ for 
cochlear and vestibular tissues, respectively. 
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Fig. 2. (left) Antibody Curves. Average curves of O.D. readings when 4 ng protein/μΐ 
cochlear or vestibular supernatant fractions were incubated with serial dilutions of anti-
glucorticoid receptor antibody, using the ELISA. Saturation was observed at 1 ng lgG/μΙ 
antibody concentration. Cochlear binding appeared to be higher than vestibular binding. 
Background binding was determined by assaying wells without 'coated' inner ear antigens. 
Fiq. 3. (right) Antigen Curves. Linear regression curves of representative O.D. readings 
from one animal when increasing protein concentration of cochlear and vestibular 
supernatant fractions were incubated with an excess of anti-glucocorticoid receptor 
antibody, using the ELISA. The relationship between O.D. readings and protein 
concentrations of supematants appeared to be linear from 0 to 4 ng/μΐ. Cochlear binding was 
found to be higher than vestibular binding. 
Western Blotting. A representative autoradiograph of combined cochlear and 
vestibular supernatant fractions on nitrocellulose is shown in Fig. 4. The blot was 
incubated with the anti-glucocorticoid receptor antibodies and subsequently with 
l2T-labeled goat anti-mouse antibodies. A distinct band on the autoradiograph was 
observed at 93 kDa, as determined by extrapolation from the travel distance of mol­
ecular weight markers. Some background smears were observed around 105 kDa 
and around 55 kDa. 
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Fig. 4. Western blot analysis of 
whole inner ear supernatant frac­
tions using BuGR2 antiglucocorti-
coid receptor antibody and, subse­
quently, '2,I-labeled goat anti-mouse 
antibody. A distinct band was 
observed at 93 kDa which coincides 
with the reported weight of the 
glucocorticoid receptor sites in other 
tissues. Positions of the molecular 
weight markers are indicated on the 
left of the figure. 
Discussion 
The use of an anti-glucocorticoid receptor antibody, BUGR2, to further study the 
inner ear glucocorticoid receptor system was explored. Reactivity of the BUGR2 
antibody with both cochlear and vestibular membranous labyrinthine supernatant 
fractions was demonstrated by ELISA. Antibody binding appeared to be higher in 
cochlear supernatant fractions as compared to similar protein concentrations of 
vestibular supernatant fractions. The antibody binding curves of both inner ear frac­
tions demonstrated saturation at anti-glucocorticoid receptor antibody concentration 
of 1.0 ng IgG/μΙ. Further increase in antibody concentration in the incubation 
medium did not lead to greater binding of antibody to inner ear supernatants. 
Saturation in the antibody curves can be explained as binding of all inner ear epitope 
sites. Low background binding, as well as low non-specific binding, increased with 
higher antibody concentration without saturating. Pre-absorption of anti-glucocorti­
coid receptor antibody with liver supernatant fraction reduced binding of the anti­
body to inner ear fractions to background levels. The Western blot showed that the 
anti-glucocorticoid receptor antibody bound to an inner ear protein with a molecular 
weight of 93 kDa, which is similar to the reported molecular weight of glucocorti­
coid receptor in other tissues (11,16). The 93 kDa band is probably due to both 
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cochlear and vestibular fractions because both fractions gave a signal with the 
ELISA indicating that epitopes in both samples reacted with the BUGRT antibody. 
Collectively, these findings strongly suggest thai the anti-glucocorticoid recep­
tor antibody binds specifically to glucocorticoid receptor sites in the inner ear super­
natant fractions. In this study the observed higher concentration of glucocorticoid 
receptors in cochlear fractions compared to vestibular fractions confirms earlier 
binding studies with radio-labeled glucocorticoids. The specific binding capacity of 
Ή-dexamethasone in cochlear labyrinthine tissues was higher compared to the spe­
cific binding capacity in the vestibular labyrinth (1). These combined results sug­
gest that there are actually more receptors per protein in the cochlear fraction 
compared to the vestibular fraction rather than a different affinity for dexametha-
sone. 
The advantage of the ELISA technique is its sensitivity as compared to ligand 
binding studies. Whereas cochlear and vestibular tissues of six animals were neces­
sary to perform the ligand binding experiments, only minute amounts of inner ear 
tissue from a single animal supplied enough tissue to perform the ELISA technique. 
Moreover, these small amounts of tissues can be used to quantitatively determine 
glucocorticoid receptor sites by ELISA. This fact is illustrated by the linear increase 
in O.D. readings when wells were coated with a range of low concentrations of inner 
ear supernatants. The low protein concentrations necessary for glucocorticoid 
receptor determination indicate that the ELISA technique potentially can be used to 
quantify glucocorticoid receptor sites in individual inner ear tissues. Subsequently, 
this technique can be applied to study responses of glucocorticoid receptor sites to 
experimental conditions such as noise exposure. Finally, this technique may prove 
useful for the detection of other antigens in inner ear tissues. 
In conclusion, the use of immunochemical techniques to further study the inner 
ear glucocorticoid receptor system was investigated. An anti-glucocorticoid recep­
tor antibody was found to recognize a specific epitope in the inner ear tissues which 
is most likely to be the inner ear glucocorticoid receptor. This antibody in conjunc­
tion with an ELISA method can be used in the future to quantify levels of glucocor­
ticoid receptor sites in individual inner ear tissues in control and experimental 
conditions. 
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SUMMARY AND EPILOGUE 
Anecdotal clinical observations have suggested that some cases of Meniere's 
syndrome are related to hypoadrenocorticism. Studies were performed to test the 
hypothesis that adrenal steroids can modulate certain inner ear tissues, e.g., vestibu-
lar dark cells and stria vascularis tissues of the cochlear duct, that are involved in the 
microhomeostasis of endolymph. A morphological approach was applied since cer-
tain morphological characteristics of distal nephron cells, a well-described target 
area for corticosteroids, were altered when circulating levels of mineralocorticoids 
and glucocorticoids were varied. After refinement of the morphometric techniques 
for the vestibular dark cells and the stria vascularis, morphological characteristics 
of such tissues were quantitatively studied in the presence of varying levels of 
mineralocorticoids and glucocorticoids in the rat animal model by transmission 
electron microscopy. 
The morphology of rat ampullar dark cells and stria vascularis tissues initially 
was studied in chronic absence of circulating adrenal hormones. In the ampullar 
dark cells, a significant reduction of basolateral membranes was observed as well as 
a reduction in dark cell volume in the absence of adrenal steroids as compared to 
sham-operated animals. In the stria vascularis, a reduction in the volume density of 
marginal cells was consistent with a concomitant increase in intercellular space in 
both basal and apical regions of the cochlear duct in adrenalectomized animals as 
compared to sham-operated animals. Subsequently, the individual effects of corti-
costeroids on the ultrastructure of ampullar dark cells and stria vascularis tissues 
were quantitatively determined. In ampullar dark cells, a significant increase of 
basolateral membranes was observed after hormone substitution with the mineralo-
corticoid, aldosterone. However, substitution with the glucocorticoid, dexametha-
sone, did not affect the basolateral membranes of the ampullar dark cells. The 
integrity of the cellular architecture of the stria vascularis from steroid-administered 
animals was determined to approximate those of sham-operated animals. The effect 
of aldosterone, however, was more significant compared to dexamethasone. These 
data correlated a recovery of cellular architecture of the ampullar dark cells and stria 
vascularis cells in adrenalectomized animals with restoration of endogenous levels 
of adrenal steroids. The observed responses of ampullar dark cells and stria vascu-
laris cells appeared similar to that reported for typical target cells of corticosteroids 
in the distal nephron under comparable experimental conditions. Changes in cell 
volume and basolateral membrane density of distal nephron cells, that were induced 
by varying levels of corticosteroids, are thought to reflect altered Na-K-ATPase 
activity of the distal nephron cells. Results, therefore, support the original hypothe-
sis that vestibular dark cells and stria vascularis tissues are regulated by cortico-
steroids, and, more specifically, that Na-K-ATPase activity of the dark cells and the 
stria vascularis is responsive to differing circulating levels of corticosteroids. 
During the execution of the studies, data by other investigators have become 
available on the effects of adrenal steroids on the inner ear that are congruent with 
the observations presented in this thesis. It was reported that the Na-K-ATPase 
activity of the vestibular dark cell regions and the stria vascularis was reduced in the 
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absence of circulating adrenocorticosteroids (1). In addition, Na-K-ATPase enzyme 
sites were found to be increased in ampullae of potassium depleted, salt loaded, 
guinea pigs after the administration of aldosterone (2). These findings suggest that 
varying levels of adrenal steroids can affect both the morphology and the Na-K-
ATPase activity of the dark cells and stria vascularis tissues. Moreover, the collec-
tive findings suggest that aldosterone can induce Na-K-ATPase sites in ampullar 
dark cells. The recently demonstrated in vitro specific binding of tritiated aldos-
terone in rat ampullae (3) suggests that the induction of Na-K-ATPase sites is the 
result of a direct action of aldosterone on ampullar dark cells. 
Limited electrophysiological data have become available on the effect of the 
aldosterone antagonist, canrenoate, on the inner ear. The endocochlear potential 
was reduced after perilymphatic perfusion of canrenoate in the guinea pig (4,5). 
However, no change in the endocochlear potential was observed after a 20 minute 
intravenous infusion of canrenoate (6). Possibly, more chronic administration of 
canrenoate may produce a change in endocochlear potential. However, infusion of 
canrenoate did result in reduction of the endolymph potential in the endolymphatic 
sac after 20 minutes. This reduction was more pronounced after pretreatment with 
aldosterone (7). These results suggest that aldosterone may be involved in active 
ion transport in the inner ear, including the endolymphatic sac. Although these elec-
trophysiological data were not correlated with changes in Na-K-ATPase, it could be 
hypothesized that canrenoate affects Na-K-ATPase activity and thereby the endo-
cochlear potential. 
In conclusion, evidence has accumulated in the past several years supporting 
the hypothesis that tissues involved in the microhomeostasis of endolymph, e.g., 
vestibular dark cells and stria vascularis tissues, are regulated by corticosteroids. 
An important question that remains is, whether the morphological, biochemical and 
electrophysiological changes that were observed after altered corticosteroid serum 
levels can be contributed to a direct effect of the steroids on ion and fluid transport-
ing cell regions of the inner ear. It has been difficult to exclude the possibility that 
the observed changes were mediated by secondary changes elsewhere in the orga-
nism. These secondary changes could, for example, include changes in serum 
sodium or serum potassium concentrations. To assume a role of adrenal steroids in 
the microhomeostasis of endolymph, mineralocorticoid receptors and glucocorticoid 
receptors need to be demonstrated in vestibular dark cell regions and stria vascularis 
tissues. Demonstration of such receptors in these inner ear tissues can form an 
important future research direction. Immunological techniques may be used to study 
the inner ear glucocorticoid receptor system as described in Chapter 8, "Immuno-
chemical detection of glucocorticoid receptors within rat cochlear and vestibular 
tissues". 
Study of corticosteroid regulation mechanisms of the microhomeostasis of inner 
ear fluids can lead to a better understanding of the physiology and pathophysiology 
of hearing and balance in general, and specifically may help to delineate the role of 
adrenocortical insufficiency in the pathogenesis of Meniere's disease. 
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SAMENVATTING EN EPILOOG 
Uit anekdotische klinische waarnemingen is gebleken dat bijnierschors insuffi-
ciëntie soms een rol kan spelen bij de Pathogenese van de ziekte van Meniere. Het 
doel van de beschreven experimenten was te onderzoeken of bijnierschorshormonen 
bepaalde binnenoor weefsels, te weten, de vestibulaire donkere cellen en de stria 
vascularis van de ductus cochlearis, die betrokken zijn bij de microhomeostase van 
de endolymfc, kunnen moduleren. Een morfologische aanpak werd gekozen omdat 
bepaalde uiterlijke kenmerken van de klassieke bijnierschorshormoon gevoelige 
cellen in de distale nephron veranderden als serum concentraties van bijnierschors-
hormonen gevarieerd werden. Allereerst werden de morfometrische methoden voor 
de donkere cellen in de ampullae en de stria vascularis verfijnd. Vervolgens werden 
de morfologische karakteristieken van deze weefsels bestudeerd met de transmissie 
elektronen microscoop in het rat model na variatie van serum concentraties mineralo-
corticoïden en glucocorticoïden. 
De morfologie van de donkere cellen in de ampullae en de stria vascularis in de 
cochlea werd onderzocht in de afwezigheid van circulerende bijnierschorshormonen. 
In de donkere cellen werd een reductie van de basolaterale membranen en een 
afname in cel volume waargenomen één tot vier weken na dubbelzijdige bijnierver-
wijdering. In de stria vascularis werd een volume reductie van het marginale cel 
type en een toename van de intercellulaire ruimtes geobserveerd na verwijdering 
van beide bijnieren. Een daaropvolgende substitutie met aldosteron leidde tot toe-
name van de basolaterale membranen van de donkere cellen. Substitutie met dexa-
methason resulteerde daarentegen niet in een toename van de basolaterale 
membranen in de donkere cellen. Substitutie met aldosteron of met dexamethason 
na verwijdering van de bijnieren normaliseerde de veranderingen in de stria vascu-
laris, ofschoon het effect van aldosteron meer uitgesproken was in vergelijking met 
het effect van dexamethason. De waargenomen morfologische veranderingen in de 
donkere cellen en stria vascularis weefsels waren tot op zekere hoogte vergelijkbaar 
met de uitgebreid in de literatuur beschreven morfologische veranderingen in de 
bijnierschorshormoon gevoelige distale nephron cellen onder gelijksoortige experi-
mentele omstandigheden. De veranderingen in cel volume en dichtheid van de 
basolaterale membranen in distale nephron cellen, die geïnduceerd waren door vari-
aties in serum concentraties van bijnierschorshormonen, reflecteerden de veran-
deringen in Na-K-ATPase activiteit van deze cellen. Vergelijkbare observaties in 
ionen en water transporterende binnenoor cellen en distale nephron cellen onder-
steunen daarom de hypothese dat de microhomeostase van de endolymfc gereguleerd 
kan worden door bijnierschorshormonen. 
De laatste jaren zijn additionele data, verzameld door andere onderzoekers, 
beschikbaar gekomen over de effecten van bijnierschorshormonen op het binnenoor 
die de resultaten van de gepresenteerde onderzoeken ondersteunen. Gerapporteerd 
werd dat de Na-K-ATPase activiteit van vestibulaire donkere cellen en de stria vas-
cularis verminderde na verwijdering van beide bijnieren (1). Tevens bleek dat de 
Na-K-ATPase pompen toenamen na de toediening van aldosteron aan cavia's bij 
welke door middel van een zout-rijk en kalium-arm dieet de eigen aldosteron pro-
125 
duktie onderdrukt was (2). Deze waarnemingen geven aan dat veranderingen in 
serum concentraties van bijnierschorshormonen niet alleen de morfologie maar ook 
de Na-K-ATPase activiteit van de donkere cellen en de stria vascularis kunnen beïn-
vloeden. Bovendien impliceren deze observaties dat aldosteron Na-K-ATPase pom-
pen kan induceren in de donkere cellen van de ampullae. Onlangs werd specifieke 
opname van Ή-aldosteron aangetoond in ampullae van de rat (3), hetgeen sug­
gereerde dat de inductie van Na-K-ATPase pompen een gevolg kan zijn van een 
directe actie van aldosteron op de donkere cellen in de ampullae. 
Recentelijk zijn electrofysiologische data bekend geworden over de effecten 
van de aldosteron antagonist canrenoïnezuur op het binnenoor. De endocochleaire 
potentiaal verminderde na perilymfatische perfusie van canrenoïnezuur in de cavia 
(4,5). Intraveneuze infusie van canrenoïnezuur gedurende 20 minuten leidde niet tot 
een verandering in de endocochleaire potentiaal in de scala media (6). Mogelijk zal 
langere toediening wel de endocochleaire potentiaal beïnvloeden. Intraveneuze toe-
diening van canrenoïnezuur gedurende 20 minuten reduceerde wel de endolymfa-
tische potentiaal in de Saccus endolymphaticus (7). Deze reductie was meer uitge-
sproken na voorafgaande toediening van aldosteron. Deze electrofysiologische 
observaties suggereren dat aldosteron is betrokken bij het ionen transport in het bin-
nenoor. Deze electrofysiologische data werden niet gecorreleerd met veranderingen 
in Na-K-ATPase. Mogelijkerwijs beïnvloedt canrenoïnezuur Na-K-ATPase en daar-
bij de endocochleaire potentiaal. 
Samenvattend kan gezegd worden dat de afgelopen jaren data verzameld zijn 
die de hypothese ondersteunen dat de donkere cellen van de ampullae en de stria 
vascularis in de cochlea gereguleerd kunnen worden door bijnierschorshormonen. 
Een belangrijke vraag blijft, of de waargenomen morfologische, biochemische en 
electrofysiologische veranderingen werkelijk terug te voeren zijn op directe acties 
van Steroiden op het binnenoor, danwei dat deze veranderingen het gevolg waren 
van secundaire veranderingen geïnduceerd door de variaties in serum concentraties 
van bijnierschorshormonen. Om een directe invloed van bijnierschorshormonen op 
de donkere cellen en stria vascularis weefsels verder te veronderstellen, zullen 
receptoren voor glucocorticoid en mineralocorticoïd hormonen in deze weefsels 
aangetoond moeten worden. De studie van steroid receptoren in de donkere cellen 
en stria vascularis weefsels zou om deze reden een belangrijke toekomstige onder-
zoeksrichting kunnen vormen. De toepassing van immunologische methoden zoals 
beschreven in Hoofdstuk 8 bleek een veelbelovende benadering voor de studie van 
steroid receptoren in het binnenoor. 
Onderzoek naar de effecten van bijnierschorshormonen op de microhomeostase 
van de endolymfe kan leiden tot een heter begrip van de fysiologie en pathofysiolo-
gie van het gehoor en evenwicht in het algemeen, en de ziekte van Meniere in het 
bijzonder. 
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STELLINGEN 
ι. 
Weefsels betrokken bij de microhomeostase van endolymfe 7ijn gevoelig voor 
veranderingen in serum concentraties van bijmerschorshormonen 
2. 
Modulatie van Na-K-ATPase in ionen en water transporterende binnenoor 
weefsels door bijmerschorshormonen kan een rol spelen bij de Pathogenese van 
oto-vestibulaire symptomen. 
3. 
De anatomische grenzen van het planum semilunatum in de ampullae van de 
halfcircelvormige kanalen 7ijn in de literatuur niet uniform beschreven 
4. 
Een experiment roept meer vragen op dan het beantwoordt. De complexiteit van 
wetenschappelijke vraagstukken maakt bovendien dat conclusies gebaseerd op 
resultaten van een experiment als zeer relatief beschouwd moeten worden 
5 
Het is wenselijk dat naast clinici ook meer wetenschappers uit de basis vakken 
geïnteresseerd raken in de Pathogenese van binnenoor aandoeningen. 
6. 
Het toepassen van glucocorticoiden bij de behandeling van oto-vestibulaire 
symptomen is grotendeels empirisch. 
7 
Onderzoek, door de huisarts in eigen praktijk verricht, is een belangrijke schakel 
in de voortgang van de Medische wetenschap. 
HP. ten Cate, 1941 
8. 
Dat de golfsport in Nederland met en in de Verenigde Staten wel een volkssport 
kan zijn, is kenmerkend voor beide culturen. 
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